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Preface
As can be seen on the cover, this thesis is devoted to the investigation of the
physics of polymer motion in confined environments - a single molecule approach.
My PhD story began with finding this project on the HFML website with a
main focus on investigating polymer dynamics in the presence of external high
magnetic fields! Of course, this was very appealing to me and I applied for it.
After being interviewed by Peter, Hans, Jan Kees and Alan, this opportunity
was given to me to start my PhD at HFML. Now, here I am, having carried
out this project successfully. I am grateful to my supervisors for giving me this
opportunity.
For sure, this work could have not been done without the help of lots of
people, among those I have to thank my colleagues who made the experiments
technically possible. Thank you Lijnis for making a nice sample holder for me,
and Michel for the new insert for my high field measurements. I acknowledge
Jos R., Jos V., Chris, Lijnis, Peter A., Hung, Frits, Arjan, Michel, Han and
Gideon who made it possible to run the installation. My special thanks go to
Peter A. not only for showing me how things work in the optics lab but also
for all valuable conversations we had. Thank you Hung for fixing all computer
issues accompanied by lots of jokes. I also would like to thank my supervisors.
Peter, thank you for opening my view to the world of science. Your critical
view on scientific problems made me thinking deeper and looking at them in a
better way. Thank you Alan for always believing in me and all your support and
positive energy you induced during the down-time even when nothing worked. I
appreciate how you think out of the box. I learned a lot from you during our
discussions, especially I learned to dream big dreams beyond borders, boxes,... .
My sincere acknowledgement goes to Hans with whom I learned how to deal
(more or less :-)) with the computer languages, in particular MATHLAB. He
helped me to learn MATHLAB on the basis of his initial image processing
program which enabled me to further adapt the code in order to extract all
relevant information from the movies. Hans, I appreciate your sense of humour,
your generosity in our scientific discussions and your honesty. I must say I
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learned a lot from you and I am grateful for that.
Also I would like to thank the “second-floor people”: Nigel, Martin (especially
for the help with my visa issue), Uli (the one who had most difficulties to consider
me as a physicist against his wish), Andries (the gentlemen), Frans, Jan Kees
(the one with always wise advices), Jos P. (the one who always manages to put
a smile on his face), Peter, Hans, Alix, Ben and Steffen. Thank you Ine and
Thera for all you are doing in daily matter at HFML.
I acknowledge my junior staff colleagues from HFML: Genia, Erik, Veerendra,
Peter Van Rhee (thank you for having shown me how to use the installation),
Alan, Andres, Jan, Andreas, Wei, Alessandro, Jonas, Mariana, Bence, Stevan,
Szymon, Ramon, Jonathan, Francesca, Maarten, Saman, Papori, Bhawana,
Dima, Thomas, Inge, Salvo, Andrea, Anatol, Alex, Laurens, Sergio, Rava, Roger,
Lisa, Maryam, Suruchi, Lucas, Peter R. and Olga. I had really a joyful time
with you in coffee and lunch breaks, lab-out days, borrels and Christmas dinners.
We had rich discussions and unforgettable days together. Thank you Papori,
Suruchi and Laurens for all good memories you have made for me, especially
the cooking sessions. Laurens and Papori thank you for making our office the
“best office”, I am gonna miss all the moments, little chats and fun that we
had in 01.08. Suruchi, the one with positive energy in the lab and Papori my
roomie I won’t forget the girl parties we had together! My special thanks goes
to Steffen, one of my close friends with whom I had most fun inside and outside
the lab. Thank you Steffen for all your help and support. I appreciate your rich
character and sense of humour. I enjoyed all the scientific discussions we had
together. You are a great scientist and I wish you lots of success.
My special thanks go to my paranymphs Papori and Roger, my dear friends
at HFML with whom I have lots of nice memories.
All my measurement would have not been possible without the samples I
received from the Molecular Materials Group. Thank you Jimmy (Jialiang)
for making the polymers for this work. Apart from a small misunderstanding
occurred at the beginning, we developed a fruitful collaboration that resulted
in a publication in ACS Nano. Also I must thank Onno for providing the
3,4EG-l,d-PIAA which has been used in chapter 5.
Thank you Roeland, Paul, Kerstin, Reol, Jimmy, Pim, Onno, Zaskia,
Maarten, Arjan, Sophie and Petri for all discussions and nice time I had with
you in the Molecular Materials group. Thank you Paula for arranging the daily
matter, in particular the meetings with Alan.
All the AFM measurements were done in the Nanolab, Radboud University.
I thank Jan W. Gerritsen who showed me how to work with the AFM. The
rheology measurements were done in the Molecular Materials group and I would
like to thank Maarten for showing me how to do rheology measurements.
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Now I would like to thank my external collaborators. Alexandra, my dear
friend, the measurements we had in high magnetic fields were the most enjoyable
time I had. You were always full of energy even during our night runs. We
had a lot of fun together and we even set the record for measurement time
in high fields. Speaking of Alexandra reminds me of Andres, my friend, with
whom I had lots of small chats outside HFML (while he was smoking). Good
luck to both of you in Singapore. Pim, we had lots of measurements in high
magnetic fields and nice results with the funny liquid crystals. Thank you for
making our measurement time full of fun with your nice stories. I would like
to thank my other collaborators from Namour, Antoine and Alexander with
whom we worked on the PHBV alignment. Also, I would like to thank Johan
Hofkens for all scientific discussions and his support for this work. This project
was initiated in Leuven by Frans Schryver, Roeland, Johan, Alan and Hans. I
further acknowledge the theoretical input from Jan Vermant from Zurich.
I express my gratitude to the members of the manuscript committee for their
time to read my thesis.
Finally, I thank my family and friends who made me to believe in the best.
the people that mean world to me, My parents who always believe in me and I
feel confident having them behind me. I thank one of the most important people
in my life who is always there for me: my lovely sister and best friend Maryam.
Maryam, thank you for your warm heart that is a source of inspiration for me
during all cold days. I am specially grateful to my brothers, Mojtaba and Milad
for their love and their confidence in me.
Masoumeh
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Chapter 1
General Introduction
In the modern world, the utilization of both synthetic and natural polymers in
our everyday life is unavoidable due to their broad range of properties. Polymers
are found in various fields, ranging from medical applications e.g., where they
act as carriers for sustained drug delivery, in the food industry in which they
play an important role in food structure and food processing or in the solar cell
technology where they act as coating or electrical and thermal insulation.
A polymer in general can be regarded as a large molecule (macromolecule)
that consists of repeated subunits referred to as monomers and is created via
polymerization in which monomers are covalently bonded together [1]. Examples
for natural polymers are DNA and RNA, actin, microtubule or proteins whereas
polystyrene is an example for a synthetic polymer that is widely used [2].
In view of applications, it is of great importance to predict the macroscopic
behaviour of polymeric materials. The macroscopic physical and mechanical
properties of polymers strongly depend on their molecular constituents. The
idea is now to create a link between the macroscopic and microscopic properties.
To find this link however is a challenge in polymer physics, because polymers
cover a large range of time scales from sub-picoseconds (vibrations of covalent
bonds) to the chain relaxation times in the order of seconds as well as length
scales from a few angstroms (inter-atomic bond distances) to macroscopic scales
(chain lengths of micrometers).
In order to take on this challenge and to create this link, as illustrated in
Figure 1.1, it is crucial to elucidate the behaviour of polymeric materials within
this broad range experimentally. In Figure 1.1a, we show a cartoon, adapted from
De Gennes [3] where he illustrated the link between microscopic and macroscopic
properties of polymers as different animals that attempt to follow a scaling law.
The corresponding law for polymers used in this thesis is presented in Figure 1.1b
starting from the concentrated solution of the polyisocyanopeptides in 1,1,2,2-
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tetrachloroethane until the building block i.e. the monomer is reached. The basic
principles of modern polymer physics started by Edwards’ tube model. Applying
the concept of the tube model to the semidilute solutions where there is a strong
overlap between the neighbouring chains, results in entanglement and led to the
reptation theory by de Gennes [1]. In reptation theory each individual chain
moves within a tube defined by the transient network of entangled neighbouring
chains [3]. Based on the reptation theory, the theory for the flow properties of
polymer melts has been established by Doi and Edwards [4]. Essentially, the
task is to characterize the physical behaviour of these systems such as chain
conformation, thermodynamics, elasticity and mobility at different levels in
bulk measurements as well as more challenging single molecule studies which is
the subject of this thesis. Interestingly, the characteristic parameters of these
Figure 1.1: (a) Sketch adapted from the book of de Gennes [3] where he
defines it as “different animals attempting to follow a scaling law”. (b) From
left to right: AFM image of a concentrated solution of polyisocyanopeptide,
AFM image of individual polyisocyanopeptides, cartoon of the structure of
a polyisocyanopeptide, chemical structure of a monomer that is the building
block of polyisocyanopeptides, all following the same laws in their dynamics.
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systems not only depend on the degree of polymerization (with increasing chain
length the behaviour changes from liquid-like to rubbery) but also show entirely
different behaviour in different concentrations such as Brownian motion in dilute
systems and a confined motion in higher concentrations when the role of the
entanglement comes to the scene [5]. Moreover, the dynamics of such crowded
systems strongly depend on the intrinsic properties of polymers such as the
persistence length.
The focus of this thesis is to unveil the dynamics of polymer solutions and
contribute to the understanding of different phenomena at different scales in
polymer physics. We therefore directly probe the polymer dynamics on a single
chain level in solutions with different concentrations to understand the influence
of chains with different stiffness and physical networks of various mesh sizes.
The thesis is organised as follows. In chapter 2, we give an overview on
polymer dynamics and introduce the basics to describe polymers. In particular,
we will introduce the theoretical models that describe polymer dynamics such
as the reptation model introduced by de Gennes [3] and extended by Doi
and Edwards [4], and present their characteristic time and length scales on
a microscopic level. We will also provide a phenomenological overview on
theoretical simulations as well as experimental methods that are employed to
address polymer dynamics. Chapter 3 is devoted to the experimental set-up
(time-resolved wide-field fluorescent microscopy) and the analysis methods we
utilize to track the polymer motion. In chapter 4, we present experimental results
of polymer motion in a dilute and confined system and demonstrate that we are
able to extract all relevant length scales and time constants in one experiment
thereby confirming reptation theory. We also show that our single molecule
results are in agreement with bulk measurements [5]. This chapter provides the
basis for any further manipulation on the properties of our synthetic polymers.
We will show a study of reptation for different concentrations (different mesh
sizes) in chapter 5. Furthermore, we focus on the investigation of polymer
dynamics as a function of the persistence length. This study allows us to
experimentally find a characteristic relation of persistence length, mesh size
and tube diameter for flexible chains. In chapter 6, using our analysis method
introduced in chapter 3 and 4, we extract the ensemble averaged confining
potential of the matrix as a function of time, and investigate the relation
between parallel and perpendicular displacements of the primitive path (the
primitive path is the shortest path connecting the two ends of the chain that
follows the topology of the chain).
This book serves as a platform for further investigations of polymer dynamics
owing to the unique experimental approach (single molecule experiment in
combination with our data analysis with the precision of 30-50 nm beyond the
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diffraction limit) and the possibility to vary the intrinsic properties of synthetic
polymers. As a next step, extrinsic effects on polymer dynamics such as electric
and magnetic fields can be explored to probe the response of a polymer solution.
One idea of this project was to investigate reptation in the presence of a static
high magnetic field. In contrast to a static electric field which could destroy the
polymer structures, high static magnetic field effects are reversible, i.e. they do
not destroy the material. The key to perform this study is to find an appropriate
synthetic matrix which is responsive to a magnetic field, transparent and creates
a thick solution at high concentrations. In chapter 7, we present birefringence
experiments to measure the degree of alignment on different matrices supported
by theoretical calculations of the degree of birefringence (alignment) as a function
of magnetic field and show, that so far, no synthetic matrix has been found.
4
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Chapter 2
Polymer dynamics: a
challenge on miscellaneous
scales
Abstract
This chapter provides a basic introduction to polymer dynamics. We
start with introducing polymers in general and their length scales
followed by theoretical models that describe polymer dynamics such
as the Rouse and reptation model. The latter is the central model
for polymers in a crowded entangled environment on the basis of
which, we define all length and time scales that are relevant for
our experiment and its analysis. Moreover, we give an overview of
theoretical simulation methods and experimental techniques both at
the bulk and single chain level, and describe which properties can
be addressed using these different approaches.
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2.1 Polymers - an introduction
Polymers are chains formed by the repetition of elementary units referred to as
monomers. A monomer in polymer chemistry is an unreacted small molecule
that is capable of being polymerized [1]. The simplest polymers are chains of
the same repeat units (homo-polymers). The other categories are characterized
by multifunctional and different groups and, therefore, form more complex
polymers with various topologies such as stars, brushes or networks. Since the
polymeric materials possess an enormous number of degrees of freedom per
molecule, it is very important to analyse first the individual polymer chains
as an initial step for treatments of bulk properties [2]. Moreover, polymeric
solutions are usually very viscous and show viscoelasticity. Viscosity is defined
as the thickness or resistance to flow, and is the result of diffusion of molecules
in amorphous materials. Elasticity is stickiness and is caused by bond stretching
along crystallographic planes in an ordered solid.
The preparation of polymers gives a very broad distribution of length (high
polydispersity). It is however possible to obtain narrow distributions via physical
methods such as precipitation or special polymerization methods. Thus, for
bulk studies on polymeric materials, an average contour length is defined for the
chain length. In order to characterize a polymer chain, the following notation
for the length scales that are used in polymer science are summarized here and
Figure 2.1: Length scales in polymer science including the chain length,
contour length (L), end-to-end distance (R) and the persistence length (lp).
8
2.2 Chain conformations
illustrated in Figure 2.1.
 The contour length L is the distance measured from one end along the
chain to the other end. Actually, the contour length is a coarse grain
picture of the chain in which the small scale fluctuations are omitted.
 The Kuhn length lK is a measure of chain rigidity. It is the shortest
segment of the polymer backbone above which the polymer bending due
to thermal fluctuations starts.
 The persistence length lp is a length scale above which the segment looses
the memory of directionality. For sufficiently long chains, the persistence
length and Kuhn length are related to each other (lK ∝ lp).
 The end-to-end distance R is the shortest distance between both ends of
a polymer chain.
2.2 Chain conformations
2.2.1 Coil-like conformations
A large majority of polymer chains in the liquid state take a coil-like conformation.
The macroscopic properties of these polymers are very specific and different
from one system to another due to the microscopic chemical structure (bond
lengths, bond angles, rotational potentials, side-groups). In order to define the
properties of these giant molecules in general, it is possible to look at polymers
at a lower resolution in which the chemical constitution vanishes for the length
scales in the order of a few nanometres [2]. For this resolution, polymer chains
have properties that are independent of their chemical structure and we can
divide them into two groups on the basis of their characteristic behaviour: ideal
chains (Gaussian), and extended chains. Actually, this statement holds only for
extremely long chains in the limit of M → ∞, where M is molecular weight.
For instance, chains can be considered as extended chains for low molar masses
and resemble Gaussian chains for high molar masses.
Ideal chains For ideal chains, it is assumed that the probability for the bonds
in every possible direction is the same, which means, there is no correlation
between different bond angles: < ri · rj >=< ri > · < rj >, as sketched
in Figure 2.2a. Since there is no correlation between the monomers at long
distances, these kind of chains are called freely jointed segments (flexible
9
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Figure 2.2: A representation of (a) an ideal chain (freely jointed segments)
and (b) a Gaussian chain in the bead-spring model.
chain) and follow the statistics of a random walk. In the limit of M →∞, all
ideal chains become identical and their end to end distances follow a normal
distribution. If the distance between any two points on a chain follow a Gaussian
distribution, the chain is called Gaussian, i.e. each part of a chain that is cut
into smaller pieces also behaves as an ideal chain [3]. Usually, a Gaussian chain
of N segments is physically considered as a bead-spring model consisting of
N independent springs of a force constant K as shown in Figure 2.2b. The
potential energy U of such a system can be calculated from the elastic energy
of the springs (U = 1/2
N∑
n=1
(rn − rn−1)2) and the kinetic energy in a viscous
solvent is negligible. The ideal (Gaussian) chains are called flexible chains since
the segments can freely rotate. These chains are considered as entropic springs
in tension that, in order to maximize the number of possible conformations for a
chain, try to minimize the end-to-end distance. The probability density function
of the end-to-end distance ~R for these chains in 3D is [4]:
P (~R) =
(
3
2piLlp
)3/2
exp
(−3R2
2Llp
)
(2.1)
which follows a Gaussian profile.
Extended chains When the polymer length L is much larger than the
persistence length lp (L > 10lp), any polymer behaves as a flexible chain.
However, for large values of the persistence length, the polymer is in the limit
of the rigid rod, in which the deformations are described by the minimization of
the bending energy of the polymer in classical mechanics [5]. For the extended
10
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chains, the persistence length is comparable to the chain contour length. For
very large persistence lengths compared to the polymer length, i.e. rod-like
chains, the effect of thermal fluctuations is negligible. In order to find the free
energy for such a system, one can use the classical problem of bending a rigid
rod of length L and bending modulus κ with free end boundary conditions. The
end-to-end distribution function P (R) for the extended chains in 1D is [6]:
P (R) =
(
2κ
4piNkBT
) ∞∑
n=1
pi2n2(−1)n+1 exp(−κpi
2n2
kBT
(1−R/L)) (2.2)
where κ = lp, N is the normalization factor, kB the Boltzmann constant and T
is the temperature. In Figure 2.3, we illustrate the probability distribution of
the end-to-end distance for chains of the same length and different persistence
lengths using Equation (2.2). As can be seen in Figure 2.3, the distribution
function for a rod like chain (lp  L) approaches the Dirac delta function.
Figure 2.3: Theoretical calculation of the end-to-end distribution function for
chains of the same length but different persistence length from a rod like chain
(black curve) to the intermediate semiflexible chain (red curve) and flexible
chain (navy curve) using Equation (2.2). The inset highlights the ideal chain
(lp  L) with lp/L = 0.05 that follows a Gaussian distribution (see navy
curve).
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Semiflexible chains (lp is in the order of L) show an ‘intermediate distribution’
and for flexible chains (lp  L), as defined in the ideal chains, the distribution
becomes Gaussian.
2.3 Physical states of polymers
Having defined polymers and their conformations, we describe now the physical
states of polymers. The physical states of polymers depending on the tempera-
ture and following a given procedure are divided into liquid, rubber, glass, liquid
crystalline and crystalline [1]. In this work we focus on polymer solutions (liquid)
that can be obtained by dissolving polymers in a solvent. Depending on their
mass concentration c (the ratio of the total mass of the dissolved polymer to the
solvent volume), polymer solutions are classified as dilute (Figure 2.4a) where
the interaction between chains can be neglected, and semidilute (Figure 2.4c)
regimes. An alternative measure of the concentration is the volume fraction
ϕ that is the ratio of occupied volume of the polymer in the solution and the
volume of the solution. The volume fraction ϕ is related to the polymer density
ρ by ϕ = c/ρ. To define a border between the dilute and semidilute regime,
we introduce another parameter in polymer physics named pervaded volume
that is the volume V of the solution spanned by each polymer chain with the
contour length L, V ≈ L3. The overlap concentration c∗ is reached when the
pervaded volume of the macromolecule density fills the space and chains are
about to overlap, as shown in Figure 2.4b. The average number of chains
in a pervaded volume is the overlap parameter. In a concentrated solution,
Figure 2.4: Concentration regimes of linear flexible polymer solutions as a
function of concentration c: (a) dilute solution c  c∗, (b) solution at the
overlap concentration c = c∗ and (c) semidilute solution c c∗.
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the overlap parameter is large such that there is a strong overlap between the
neighbouring chains which leads to entanglement. This effect greatly slows
down the motion of polymers in the solution which will be described in the next
section extensively in the reptation model.
2.4 Theoretical models of polymer dynamics
In this section we present theoretical models of polymer dynamics: The Rouse
and the reptation model. The reptation model is based on the Rouse model,
thus, we first describe the Rouse model.
2.4.1 Rouse model
The first successful model for describing polymer dynamics was developed by
Rouse in the 1950s [7]. This model was meant to define the basic dynamics
of random coil polymers in dilute solutions. In the Rouse model, the chain is
considered as made of equidistant non-interacting beads connected by springs
of the same force constant as shown in Figure 2.2b, in a homogeneous solution.
This theory is based on the physical concept that a velocity gradient in a solution
changes continuously the distribution of the chain configurations and shifts it
towards their most probable distribution. The interaction potential between
the beads U is that of the spring (Ui,j = 1/2(~ri − ~rj)2). Each bead is in the
position ~r(t) at time t with mass m and moves in a fluid of small molecules
represented by a constant friction coefficient ζ proportional to the bead velocity.
The equation of motion for each bead is
d2~r
dt2
= −ζ d~r
dt
− dU
d~r
+ ζ~g (2.3)
i.e. the Langevin equation for Brownian motion where ζ~g is a random force due
to random density fluctuations in the fluid. For highly viscous fluids, one can
neglect the inertial effects i.e. the acceleration term on the left hand side of
Equation (2.3). Hence, the equation of motion for the beads is [1]
ζ
d~r
dt
= −dU
d~r
+ ζ~g. (2.4)
The friction coefficient and the diffusion coefficient D are related via the
Einstein relation D = kBTζ where kB and T are the Boltzmann constant and
temperature, respectively. This physically means that the random kicks of the
surrounding molecules cause both Brownian diffusion and viscous dissipation
leading to the frictional force (fluctuation dissipation theorem) [1]. The time
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it takes for a particle to move one of its own length L is proportional to the
friction coefficient τ ≈ L2D ≈ L
2ζ
kBT
.
For a Rouse chain with N beads of length b, the friction coefficient is ζL = Nζ
and therefore, the Rouse time (when the chain diffuses a distance equal to its
length L) is τL ≈ ζkBTN2b2. The significance of this time is that on time scales
shorter than the Rouse time, the chain shows viscoelastic modes whereas on
longer time scales, the motion of the chain is diffusive which will be discussed
in section 2.4.2 more extensively.
The limitations of the Rouse model are clearly described in Ref. [7] where
Prince E. Rouse states: “Limitations of the theory may arise from the exclusion
from consideration of (1) very rapid relaxation processes involving segments
shorter than the submolecule and (2) the obstruction of the motion of a segment
by other segments with which it happens to be in contact. Another possible cause
of disagreement between the theory and experimental data is the polydispersity
of any actual polymer; this factor is important because the calculated relaxation
times increase rapidly with increasing molecular weight”.
2.4.2 Reptation model
The description of polymer motion in a crowded environment, c c∗, is very
complicated since we deal with a many-body problem. However, using the
Edwards’ tube concept, de Gennes converted this many-body problem to the
motion of a single chain confined to a tube imposed by the surrounding chains.
Models that consider the effect of an entangled network of surrounding transient
chains as a tube are called tube models. The simplest model, which is the
reptation model was proposed by de Gennes in 1971 . In this section, we discuss
the tube model first in general and then in detail in order to understand the
origin of the characteristic scaling laws in polymer dynamics.
In an entangled system of polymers, as illustrated in Figure 2.5, we pick a
chain as a test chain (the blue line with a small scale curvilinear in Figure 2.5)
and for a moment suppose that the other chains in the system are frozen (all
the surrounding black lines Figure 2.5). Then, it is clear that the conformations
of the chain are confined in a tube-like region (the dotted lines in Figure 2.5).
In uncrosslinked systems (physical networks) however, since the surrounding
chains are mobile, the tube shape changes during time and all conformations are
accessible. De Gennes solved this problem by considering the Brownian motion
of an unattached chain in a fixed network. Since in his picture the chain is
confined in a tube of radius smaller than its length, (see Figure 2.5) some ‘defects’
(curvilinear) will be formed. They behave like a gas of non-interacting defects
that can flow up and down the tube running along the chain. Consequently, in
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its motion via a special direction, the chain can choose a random direction and
a new part of the tube will be formed while the previous disappears. This type
of motion is referred to as ‘reptation’ by de Gennes because it resembles the
motion of a snake.
Within this model, it is assumed that the polymers consist of N segments
of length b and friction coefficient ζ, as represented by the Rouse model. The
surrounding chains are approximated to be thin such that they have no effect
on the static properties of each other. However, by introducing the topological
constraints, they have a serious effect on dynamical properties. Using the
tube model, the dynamics of the chains in the entangled environment can be
characterized. Here, we introduce the primitive path which is the shortest
path connecting the two ends of the chain that follows the topology of the
chain without violating the constraints imposed by the neighbouring chains
(black line in the middle of the tube in Figure 2.5). This defines the chain
conformation at any time with the small scale fluctuations being omitted [4]. For
shorter times, the polymer wriggles around the primitive path. For longer times,
when the polymer moves, the ends of the primitive path will be created and
destroyed. In order to characterise polymer dynamics, we follow the primitive
path conformations. As a dynamical equivalent for the primitive path, we use
the term ‘primitive chain’. In our study, we make a few assumptions for the
Figure 2.5: Reptation model: a chain (blue middle chain with a lot of
‘defects’) in a fixed network of obstacles (black surrounding lines). The dashed
lines show the imaginary tube imposed by the neighbouring chains and the
primitive chain (smooth black line in the middle of the tube).
15
2 Polymer dynamics: a challenge on miscellaneous scales
primitive path:
 The contour length of the primitive chain L is constant. This assumption
basically neglects fluctuations in the contour length.
 The primitive chain cannot make transverse movements and may relax
only along the tube in a snake-like fashion.
 The conformations of the primitive chain becomes Gaussian on a large
length-scales.
The diffusion for polymer chains due to the enormous number of degrees
of freedom per molecule is much more complex than a particle-like (normal)
diffusion in which the displacements of the particle d follows d2 ∝ t where t is
the time. In the case of chains, the primitive chain motion can be resolved into
displacement components parallel (d‖) and perpendicular (d⊥) to the primitive
path which we illustrate explicitly in Figure 3.4 and discuss in chapter 3. The
mean square parallel displacement as a function of time is sketched in a log-log
plot in Figure 2.6. The parallel displacements of the polymer chain occur in
the following time scales in the reptation model that originate from solving the
Langevin equation of motion for a Gaussian polymer chain (bead-spring model)
with periodic boundary conditions [4, 8, 9]:
 t < τe: In this regime (I in Figure 2.6a), the chain does not feel the
constraints imposed by topological constrictions. The time scale in
which a defect diffuses along the chain (see Figure 2.6b) is referred to as
entanglement time τe. The mean square longitudinal displacement scales
with time as < d2‖ >∝ t1/2. This time scale is very short but we have
access to it indirectly within our experimental approach (see chapter 4).
 τe < t < τR: This regime (II in Figure 2.6a) is referred to as local reptation
and < d2‖ >∝ t1/4. The polymer diffuses over a distance in the order of its
size during a characteristic time called the Rouse time τR.
 τR < t < τd: This is the regime (III in Figure 2.6a) of reptation where
the longitudinal creep through the tube is possible (see Figure 2.6c), and
< d2‖ >∝ t1/2. The parameter τd, the disentanglement time, is the time
required for one chain to move out of its original tube defined later in
Equation (2.6).
 t > τd: For times longer than τd (IV in Figure 2.6a), normal diffusive
behaviour takes place and < d2‖ >∝ t.
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The Langevin equation of motion for regime I and III is similar to the
one-dimensional diffusion motion in the Rouse model (Equation (2.3)) where the
acceleration term is neglected for a highly viscous fluid. Solving this equation for
~r(t) and calculating the mean square displacements < d2‖ >=< (~ri(t)−~rj(t′))2 >
shows that < d2‖ >∝ t1/2. However, in regime II, since the chain is trapped
within the tube, the segments feel an extra harmonic potential that is imposed
by the constraints and therefore, the mean square displacements scale with t1/4.
In our experimental results represented in chapter 4, we are able to directly
access local reptation and reptation regime and extract all the time constants.
Figure 2.6: The time scales in polymer dynamics: (a) Four regimes of polymer
dynamics according to the reptation theory adapted from Ref. [4]. (b) Sketch
to visualize τe, the entanglement time when a defect (a section within the red
circle) moves along the chain, and (c) the reptation regime that is when the
chain starts moving out of its original tube indicated by the dashed lines and
acquiring a truly diffusive behaviour.
We now introduce another length scale, the so-called mesh size ξ of a
polymer network. A sketch is presented in Figure 2.7 where ξ is the correlation
length between the constraints. This parameter depends strongly on polymer
concentration and has a size of about the tube diameter [10]. On time scales
shorter than τe, the segments of a linear chain that are involved in the motion
are shorter than the mesh size ξ of the network (see Figure 2.7) and are not
aware of the constraints imposed by the surrounding chains. To understand the
mesh size or correlation length of a network, one can think how far the next
chain is. On length scales smaller than ξ (the right panel of Figure 2.7), there are
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mainly monomers from the chain and lots of solvent molecules. Therefore, the
conformations and the dynamics of the monomers follow the rules related to the
dilute solution. On length scales larger than ξ (see Figure 2.7), there are lots of
other chains and the dynamics of the chain is totally different. In the reptation
model, relations between length and time scales have been predicted [4, 10].
These relations originate from the one-dimensional diffusion equation. For
details, we refer to Ref. [4].
Figure 2.7: The mesh size ξ in a polymer network at a certain time, defined
as the correlation length between the entanglements. The chain dynamics is
different for two length scales of L ξ and L ξ.
The entanglement time is predicted to scale with the polymer length as
τe ∝ L2 [4, 10]. On longer time scales, the topological constraints restrict the
polymer motion to the tube. Therefore, the mean-square parallel displacements
in space show a weaker 1/4 power-law in time. According to Ref. [4], the Rouse
relaxation time is given by
τR =
ζN2b2
3pi2kBT
. (2.5)
Equation (2.5) indicates that the Rouse time scales with N2 and therefore,
τR ∝ L2. The next relaxation time is the reptation or disentanglement time
which has been defined as [4]:
τd =
1
pi2
ζN3b4
a2kBT
(2.6)
where a is the tube diameter. The contour length L is defined as L = Nb
2
a .
Therefore, according to Equation (2.6), τd increases faster than τR with increasing
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N since τd ∝ N3 compared to τR ∝ N2. The next parameter is the number of
steps Z in the primitive chain that is equivalent to the number of entanglements
per chain and is given by
Z =
L
a
=
Nb2
a2
. (2.7)
This enables us to define a relation between Rouse and disentanglement time as:
τd
τR
= 3Z. (2.8)
Furthermore, according to Ref. [11], we can find the relations:
τd = 3Z
3τe (2.9)
and
τR = Z
2τe. (2.10)
Disagreement between theory and experiments
According to reptation theory, the time required to renew the tube is τd ∝Mα
where α = 3 predicted by Doi and Edwards [4] and represented in Equation (2.6).
However, experimental work on polymers in semidilute solutions has shown
that this dependence is larger than 3, ranging from 3 to 3.7 [4, 12, 13]. This
discrepancy has been a matter of debate which is not yet ended. The reason
could originate from the fact that in the reptation theory, some assumptions
are made in order to simplify the problem. First, it considers the matrix as
fixed obstacles, i.e. the tube through which the test chain moves is fixed and
the conformational changes occur only at the ends of the tube. However, the
medium is dynamic and all the surrounding chains are also moving, which results
in a change in the conformations of the tube and is referred to as constraint
release. For example, suppose that the topological constraints on the test chain
are released or created via the reptation of the surrounding chains. This causes
a change in the tube shape. Although this effect is negligible for polymer
solutions with a narrow molecular weight distribution, the constraint release is
important in the polymer dynamics for polymers with a broad molecular weight
distribution or very long branches [4]. The next assumption is that the contour
length of the primitive path is constant while it fluctuates with time and the
fluctuations sometimes affect various dynamical processes. Taking into account
the effect of the contour length fluctuations and constraint release, Doi predicted
a power law of α = 3.4 for the dependency of the disentanglement time on the
polymer molecular weight instead of the previously predicted 3 [14, 15]. This
suggests that the primitive chain contour length fluctuates in time and plays an
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important role in the dynamical processes of the polymers for a limited range of
molecular weights [16].
2.5 Simulation methods, experimental techniques and
phenomenology
There have been a handful theoretical and experimental studies carried out
on polymers and polymeric systems to study their behaviour at molecular,
nano-scale and bulk levels in controlled conditions. In this section, we first
review the simulation methods in the field of polymer dynamics. We then give
an overview of the body of experimental methods that probe polymer dynamics
at different resolutions from bulk to nano-scale and at various time scales. The
experimental techniques will be divided to two parts: first, ensemble averaged
methods that measure bulk properties of polymers; second, single molecule
techniques in which polymer dynamics are probed at the single chain level. The
latter is in the focus of our work.
2.5.1 Simulation approach
In recent years, there have been major advancements on polymer modelling
which allow researchers to carry out sophisticated studies on polymeric systems.
A general strategy is to create a three-dimensional periodic amorphous cell
(periodic boundary conditions) using polymers with a well-defined composition
and degree of polymerization. Then, depending on the property or phenomena
of interest, various methods, concepts and approximations are used in order
to carry out computational studies. The results of these methodologies have
led to significant advances in the field of polymer modelling and in particular,
concerning the study of linear and branched polymers. Here, we introduce
methods that are applied to simulate polymers on different levels of detail.
There are three types of computer simulation algorithms:
Molecular Dynamics (MD) is a simulation technique which is based on the
solution of Newton’s equations of motion (~F = m~a =⇒ −∇V (~r) = md2~r
dt2
where
m is the mass, ~r is the position of the particle, and V (~r) is the potential energy of
the system) and is widely used in different fields of physics and chemistry [17–22].
The main part of the MD simulations is an appropriate choice of the potential
energy for the system under study. Potential functions can be defined in order
to describe on the very local end the differences between the atom type in a
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particular environment or on a larger scale to address the generic features such
as volume exclusion, connectivity or semiflexibility in the systems.
The Monte Carlo (MC) method is a computational algorithm tool which
employs random numbers to sample the space of microscopic states in order to
estimate the average of an observable of an ensemble in statistical mechanics.
Using the Monte Carlo method, problems that are not necessarily of a stochastic
nature, are treated numerically and the ensemble averages are estimated by
averaging over randomly produced states. This algorithm can be used, e.g. to
study the Random Walk for polymer chains. In addition, more complicated
algorithms based on the Monte Carlo method are suitable to investigate the
Self Avoiding Walks, and, in general, polymer dynamics in crowded environ-
ments. This method acts as an independent starting configurations producer
for simulations in molecular dynamics. For more details we refer to Ref. [23].
The bead-spring model is a model simulating the hydrodynamic properties
of a polymer chain that is represented by a series of beads connected by springs.
The segment of this model is a spring and a bead on its end. The bead-spring
model describes the motion of various parts of the chain in which each part offers
hydrodynamic resistance to the flow of the environment and is connected to the
next bead via a spring which is responsible for the elastic and deformational
properties of the chain but does not contribute to the frictional interaction. The
springs orientation is random [3]. This model is widely used in other simulation
methods such as MD and MC in order to provide a coarse-grain picture of the
chain thereby simplifying the problem.
Simulation studies have provided valuable information on different scales of
polymer dynamics. For instance, the scaling relations with the polymer length
for very short polymers well below the entanglement effect has been studied
extensively [24,25] as well as the effect of molecular weight on polymer dynamics
in the presence of entanglements and comparing them to the predicted scaling
laws [8, 9, 26–33] via molecular dynamics, Monte Carlo simulations [34–36] and
the bead-spring model [37, 38]. However, there are some limitations on the
models we introduced such as the Hamiltonian, simulation time, system size,
ergodicity and also the power of the computer used. The raw data extracted
from the simulation have to be compared to the experiment and theory for
their physical meaning. Polymer dynamics ranges from picosecond for bond
vibrations up to seconds for chain relaxation. Therefore, it is crucial to choose
21
2 Polymer dynamics: a challenge on miscellaneous scales
an appropriate time domain depending on the question under study since the
accessible time and length scales are limited by the computer power.
2.5.2 Experimental approach
Reviewing the literature on the dynamics of entangled polymers shows that
the current level of achievements in this field of study relies on a very wide
range of techniques used to measure the polymeric material properties and its
analysis at molecular, nano-scale and bulk level. In this section, we provide
an overview of the range of experimental techniques that probe the ensemble
averaged dynamical behaviour of the polymer chains in the bulk. Afterwards,
we introduce the single molecule methods used to study polymer dynamics at
the single chain level which is the main experimental approach we use in our
work.
Rheology A main part of the results achieved on entangled polymer dynamics
is accounted for by rheological measurements (for more details of this technique
see chapter 3.3). In a typical experiment, a small amount of the material will be
placed between two parallel circular plates. Then, a small deformation (stress σ
or strain γ) at specified conditions is applied to the material and the response
(strain or stress) of the material will be measured. Within this method, one
can study the bulk properties and dynamics of polymeric materials. Hence, the
obtained information is ensemble averaged.
Rheology measurements on polymers allow one to access several parameters
such as molecular shape, branching type and extent of branching, content,
entanglements and crosslink density [39]. In order to study the relaxation
times of the polymeric systems ranging from the largest molecules to the
smallest segments, it is crucial to perform measurements over a wide range
of temperature and frequency [11, 40–47]. In the tube model, the molecular
weight between entanglements Me is the fundamental parameter describing the
topological network that can be calculated from rheology measurements versus
frequency. This parameter is linked to τe, the entanglement time. The plateau
modulus G0N , which is the basic stress scaling parameter, can be extracted from
G0N = G
′(ω)tan(δ)→minimum [44] where tan(δ) = G
′′
G′ and G
′, G′′ are storage and
loss modulus. There is an unambiguous relationship between Me and G
0
N in the
tube model, G0N =
4
5
ρϕRT
Me
for a polymer solution where ϕ is the volume fraction
of the polymer in solution and ρ the density of the polymer solution [11].
Many of the fundamental properties of random linear polymers that are
predicted by the reptation and the Rouse model can be extracted from viscoelas-
ticity measurements. However, in order to provide a detailed understanding and
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test of the theoretical models, we need to have access to microscopic information
on the behaviour of the individual chains that is not possible in rheological
experiments.
In this thesis we present some data on viscoelasticity measurements in order
to provide an independent control on the parameters measured by single molecule
fluorescence microscopy.
Dynamic light scattering (DLS), also known as quasielastic light scattering,
is an optical technique that can be used to probe the size distribution of polymers
in solutions and their diffusion coefficients. Moreover, it can be utilized for
the determination of the size, shape and flexibility of the particles as well as
the interaction between particles. Within this method, one can investigate the
behaviour and kinetics of the concentrated polymer solutions.
When particles in a solution are irradiated with a laser light, the light will
be scattered. The particles in solution undergo Brownian motion and therefore,
the distance between scatterers changes with time and results in time-dependent
fluctuations in the intensity of the scattered light. The phase of the scattered
light depends on the position of the scatterer while the amplitude depends on
the particle mass and the refractive index of the solvent. The information on
the kinetics of the particles is derived from an autocorrelation of the intensity
that is recorded during the experiment. The second order autocorrelation curve
follows
g2(~q; τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉2 (2.11)
where I is the intensity, g2(~q; τ) is the autocorrelation function at a wave vector
~q and delay time τ . At short time delays, the correlation is high because the
particles hardly move far away from their initial state whereas in longer time
delays, the correlation decays exponentially, which means that, after a long time,
there is no correlation between the scattered light at the initial and final state.
This exponential autocorrelation function is related to the particle’s motion. In
particular, the diffusion coefficient can be extracted by fitting the calculated
distributions attributed to the particles under study, to the autocorrelation
function.
It might not be immediately very clear that by using dynamic light scattering,
one can probe the molecular relaxations in entangled polymeric solutions at
the wavelength of light, which is much larger than all chain structures at any
scattering angle. However, at the presence of optical contrast between the
polymer and solvent, the effects of the relaxation of the entangled network of
semi-dilute polymer solutions can be observed via thermal fluctuations of the
local polymer density ρpol(~r; t) [41]. In the diluted polymer solutions where there
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is no entanglement, the fluctuations of polymer structure are quenched because
of the osmotic pressure in the solution. An additional elastic suppression of the
structure fluctuations occurs in the presence of entanglements which causes a
rendered immobility in the amplitude of the fluctuations. This effect leads to
the production of a second slow mode to the light scattering signal decay [41].
This slow mode was predicted by Brochard and de Gennes [48] and detected in
different semidilute systems [49,50]. Doi and Onuki [51], and Semenov [52,53]
developed the quantitative theory in which the contribution of the Rouse and
reptation dynamics to the slow modes were calculated. Since then, numerous
experimental studies on polymer dynamics have been done using DLS, e.g.,
calculating the diffusion coefficient of the polymers in different concentration
regimes [54–56] or studying the hydrodynamic screening and filament bending
stiffness [57] and many more.
Neutron scattering techniques are molecular probes with 10 nm resolution.
Since neutrons are not charged and their interaction with matter is weak, their
absorption by most materials is small and they can penetrate into the bulk of
organic matter. Also, there is a big difference in the scattering cross-section
between the hydrogen and the deuterium nuclei that is another advantage of
this method since it is easy to replace hydrogen atoms with deuterium in a
polymer synthesis selectively such that the scattering signal can be engineered
to pick out correlations between the deuterium-labelled monomers only [41].
The neutron scattering technique is divided to two categories:
(a) Neutron Spin-Echo (NSE) spectroscopy is an inelastic analysis
technique that follows the change in energy of each neutron in the scattering
process. In this experiment, the neutrons before and after scattering, pass
through identical magnetic fields so that their change in energy is modulated
into their spin-rotation. This change in the directions of the spins provides a
higher resolution. The reason it is called ‘spin echo’ is that the spin orientation,
or polarisation, is restored at the end of the instrument using pi (a pi flipper
close to the sample position changes the orientation of the spin such that the
second rotation exactly compensates the first in case of elastic scattering) and
pi/2 flippers (to convert horizontal to transversal polarization and vice versa) in
the set-up. The momentum and energy of the scattered neutrons are recorded
independently. The time-dependent correlations are extracted from the Fourier
transform of the energy transfer. The motion of the scattering centres could
be resolved from the final intensity. The single-chain correlations and thermal
activities such as polymer motion in melts or solutions can be observed in
such an experiment [58–66]. In entangled environments, the time-dependent
scattering function describes the equilibrium of density fluctuations along the
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tube in reptation regime.
(b) Small Angle Neutron Scattering is a neutron scattering technique in
which the incident radiation is elastically scattered by a sample. The detectors
count the number of neutrons scattered as a function of angle and neutron
wavelength. The resulted scattering signal provides information about the
orientation, shape, size, arrangement and interactions of the components of the
sample on the nanometre to micrometre length scales which matches the size
range of all except the largest macromolecules [67].
The nuclear magnetic resonance (NMR) pulsed field gradient tech-
nique is used to investigate the molecular dynamics, or the rotational and
translational motions of molecules. This technique enables one to measure
the rotational and translational diffusion coefficients of particles (diffusion is
the Brownian motion of particles in solutions or melts) at nanosecond and
picosecond time-scales using a well-defined magnetic field gradient to label the
position of a spin [68]. Two gradient pulses of identical amplitudes and duration
are applied during the NMR experiment and are separated by a time period
while being placed symmetrically about the 180 degree phase difference. The
gradient pulses dephase the magnetization from the spins after one period of
diffusion. For the stationary spins that do not undergo any translational motion
with respect to the magnetization-axis, the effects of the two applied gradient
pulses cancel each other out. However, if the spins move, the applied gradient
causes a dephasing which is proportional to the displacement in the direction
of the gradient during the time period between the gradient pulses. Therefore,
one can extract the diffusion coefficient in the direction of the gradient in a
solution from this kind of measurements [69]. This technique which is a method
of spin-labelling monomers to extract information on diffusion coefficient is
widely used in polymer solutions [70] such as dilute and semidilute Polystyrene
solutions [71] and entangled polymer melts [72].
Fluorescence correlation spectroscopy (FCS) is used to investigate the
dynamic properties of fluorescent molecules, macromolecules and nanoparticles
in different environments [73]. The principle of FCS is the detection of the
fluctuations of fluorescence intensity caused by the diffusing particles through
a defined observation volume. FCS was introduced in the 1970s and it was
shown that the temporal autocorrelation analysis of the intensity fluctuations
which decays with time, contains information about the mechanisms and rates
of the processes that causes the fluorescence fluctuations and give access to the
particle concentration and mobility [74] including their diffusion and chemical
kinetics [75, 76]. In order to obtain a good spatial resolution and a single
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molecule detection sensitivity, Rigler et al. [77] combined FCS with a confocal
set-up. In this set-up, the incoming laser light is focused by a high numerical
aperture objective to a diffraction limited spot. In order to block all light
that are not coming from the focal region, a pinhole was applied in the image
plane which reduced the detection volume in axial direction. A small detection
volume is important for two reasons: (i) to achieve high spatial resolution
(the possibility to distinguish the dynamics at two different spots from each
other) which is limited by the diffraction limit and (ii) to increase the signal
to noise ratio. By reducing the volume, the scattered light contributing to the
background decreases while the relative amplitude of the intensity fluctuation
increases. Apart from the one-photon excitation FCS that we mentioned above,
one can use a two-photon excitation FCS which requires the absorption of two
photons of half the wavelength usually required for the excitation, within a time
interval of about one femtosecond (10−15 s). In order to achieve a high photon
density per pulse relative to the average output power, a pulsed laser as the
excitation source is used. In this nonlinear process the excitation probability is
proportional to the mean square of the intensity, which results in an inherent
axial sectioning (no need for pinhole). This means that only the objective’s
focal spot receives enough intensity for significant fluorescence excitation. In
order to access the fluorescent probes in the visible or UV range, infrared laser
light can be used. Using infrared light has less photo damage effects on live
cells and also higher penetration depth compared to the UV lasers. Another
advantage of two-photon excitation is the large spectral difference between
excitation and emission wavelengths which makes it easy to filter the excitation
from the emission light. There are several review available that report a more
extensive discussion on one- and two-excitation FCS [78–80].
Using FCS in the polymeric systems, one can extract information on the
translational diffusion time which ranges from 1 ms for low viscosity to several
minutes for high viscosities. To study the theories of polymer dynamics, the
internal dynamics of long DNA molecules was investigated and discussed in
several studies [81–83] as well as self-diffusion and diffusion in semidilute polymer
solutions [84–88].
Single molecule spectroscopy (SMS) In all the techniques described above
(except FCS that occasionally can be considered as a single molecule method),
the measurements are performed on ensembles of molecules yielding average
information. The obtained information is averaged over the spatial distribution
of the molecules, molecular heterogeneity, i.e. chemical compounds, distribution
of molecular sizes and conformation. In contrast, single molecule spectroscopy
allows to establish the probability distribution function for the experimental
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parameter under study. Clearly, there is more information included in the
distribution function than the average value alone, especially, when the system
under study is heterogeneous which is the case for many complex condensed
phase environments such as proteins, crystals, polymers or glasses. Moreover,
a single molecule can play the role of a reporter which probes the landscape
of the matrix around it (nanometre surrounding) and provides information on
functional groups, atoms, ions, electrostatic charges and/or other sources of local
fields in its nanometre neighbourhood [89]. Using single molecule spectroscopy
with a very high spatial resolution, one can track exactly a fluorescently labelled
molecule deep in a solution/melt sample, applying tunable optical excitation.
Single molecule spectroscopy was started with the detection of the absorption
signal of individual dye molecules inserted in a solid sample at liquid helium
temperatures [90] and shortly after, introduced as a spectroscopy method on the
basis of fluorescence excitation at cryogenic temperatures [91]. After a few years,
it was demonstrated that it is possible to do far-field single molecule microscopy
at low temperatures in which the chromophores are isolated in space in a very
diluted sample [92]. A number of reviews on the SMS technique has appeared
in recent years [89,93–98].
In this thesis, we used single molecule wide-field fluorescence microscopy in
order to unravel the polymer dynamics in entangled media. Several experimental
techniques such as nuclear magnetic resonance, neutron and light scattering as
well as fluorescence autocorrelation spectroscopy have been used to probe the
dynamics of entangled polymers in bulk. However, using scattering techniques,
it is extremely difficult, if not impossible, to obtain information on the level
of individual polymer chains, regarding their temporal and spatial dynamics
and the role of heterogeneity and molecular individualism. To this end, several
groups have developed optical imaging techniques that are capable of monitoring
single polymer dynamics.
Perkins and co-workers were the first to directly visualize reptation using
standard fluorescence microscopy [99]. They followed the relaxation of a labelled
individual DNA chain after stretching it with optical tweezers. It was shown
that the only way the polymer chain could relax was by following its own
path without making transversal movements. Texeira et al. [100] studied the
dynamics of individual entangled DNA chains under the effect of a bulk flow
deformation. For different chains in the same flow experiment, very different
behaviour, which is evidence for molecular individualism, was found. Ka¨s and
co-workers [101] followed the motion of labelled actin filaments and imaged the
confining tube in which the polymer chain could move by superimposing a large
number of images and plotted the contours of the observed polymer chains. The
restricted motion could be seen as undulations of the actin filament in a tube
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formed by its neighbours. The tube diameter was determined and shown to
decrease with increasing concentration. Further studies on actin filaments and
DNA chains [102–107], and more recently the synthetic single-walled carbon
nano-tubes in a gel, have been examined in order understand the effect of
flexibility on the diffusion [108]. However, in all these studies the parameters
which can be extracted are obscured by the physical properties of the materials
studied and the analytical approach.
Our experimental approach is based on single molecule spectroscopy that
allows us to perform a comprehensive study on the dynamics of individual
Figure 2.8: Schematic representation of the experiment: the fluorescent
polymer (FP, red lines) in a transparent matrix of unlabelled polymers (UP,
grey lines) was excited with a laser (green light). The fluorescence emission
(red light) was collected by an objective lens and imaged on a CCD camera.
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polymer chains. We make use of a unique, fluorescently-labelled, synthetic
polymer that is sufficiently long (µm) to be followed during its motion through
concentrated solutions of nearly identical, but unlabelled polymers. Using
these polymers and wide-field fluorescence microscopy, we directly track the
motion of a labelled chain in a matrix of unlabelled chains (Figure 2.8). In
order to extract nanometre-scale information from diffraction limited images, we
adopt concepts routinely used in single molecule tracking experiments [109, 110]
and localization-based super-resolution microscopy [111–113] (fitting emitters
with a 2D Gaussian function) as well as concepts used in polymer modelling
(approximating the chain as a string of beads [114])(for details see chapter 3).
In the following chapters we show that one can extract all relevant length
scales and, for the first time, time constants within a single experiment. Moreover,
our approach enables us to probe the properties of both the labelled chain and
the surrounding matrix and to demonstrate the validity of the scaling laws in
the reptation theory for flexible chains as proposed by de Gennes-Doi-Edwards
in reptation model and discussed in section 2.3.
This method in combination with synthetic polymers, gives us the unique
opportunity to study polymer dynamics as a function of different parameters
such as the polymer persistence length, density, orientation and morphology.
The experimental approach and data analysis for single molecule fluorescence
spectroscopy is described and extensively discussed in chapter 3.
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Chapter 3
Materials, experimental
methods and analysis
Abstract
This chapter is devoted to introduce the material and experimental
techniques that have been used throughout this thesis. We start by
describing the material and continue with introducing the fluores-
cence microscopy technique, which we employ to probe the single
chain motion of the polymers. The main part of this chapter is to
describe in detail the image processing program which is the crucial
step towards accessing all relevant length scales as a function of time
in our recorded real time movies. Furthermore, we briefly discuss
the Atomic Force Microscope technique that we use to measure the
stiffness of the polymers and the rheology measurements in which
we define the bulk properties of our material that we compare to the
single chain study.
Part of this chapter is published in:
M. Keshavarz et al., “Nanoscale Study of Polymer Dynamics”, ACS Nano 10, 1434-1441
(2016).
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3.1 Materials
The unique synthetic polymers we used in our study are derivatives of polyiso-
cyanopeptides that are sufficiently long (µm) and extremely stiff to be followed
optically during their motion. They are illustrated in Figure 3.1. This type of
polymer has been characterized extensively [1–3]. In our approach, we directly
Figure 3.1: (a) Chemical structure of unlabelled l,d-PIAA 1, 3,4EG-l,d-
PIAA 2 and 3EG-l,d,l-PIAAA 3, and labelled l-PIAP 4 with perylenediimide
as chromophore. (b) Cartoon of the helical structure of a polyisocyanopeptide
(backbone in blue, side groups in red).
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visualized reptation by tracking the motion of a fluorescently labelled polymer
(Figure 3.1a, 4) in a matrix of unlabelled polymers (see Figure 3.1a, (1, 2,
3)) using single molecule wide-field fluorescence microscopy. The polymers we
applied in our experiments as the unlabelled matrices are poly(isocyano-l-alanyl-
d-alanine methyl ester) (l,d-PIAA, see Figure 3.1a, 1), tri- and tetraethylene
glycol functionalized isocyano-(d)-alanyl-(l)-alanines (3,4EG-l,d-PIAA, see
Figure 3.1a, 2) and triethylene glycol functionalized isocyano-(l)-alanines-(d)-
alanyl-(l)-alanines (3EG-l,d,l-PIAAA , see Figure 3.1a, 3). The poly(isocyano-
l-alanine propanylperylene diimide) (l-PIAP) (Figure 3.1a, 4) was used as the
labelled chain to probe the properties of the unlabelled matrix.
The polyisocyanopeptides were synthesized following the procedure pre-
viously reported [1] using 1,1,2,2-tetrachloroethane (TCE) as a solvent and
nickel(ll) perchlorate as the catalyst. The catalyst:monomer molar ratio was
1:10,000 or 1:2,000 for l,d-PIAA depending on the experimental requirement.
The as-prepared gelatinous solution was used as the matrix for the reptation
measurements. The fluorescent polymer (l-PIAP, 4) was prepared according to
an established procedure [4] with a monomer:catalyst molar ratio of 10,000:1
and stored in solution at 4 °C. The polymer was diluted with l,d-PIAA as
indicated for the fluorescence measurements. The average polydispersity index
(PDI) of polyisocyanides is 1.6-2 [5, 6].
The polyisocyanopeptide has a rigid helical backbone with approximately
four repeat units per helical turn (Figure 3.1b). The basic molecular structures
of the unlabelled and labelled polyisocyanopeptide (backbone in blue, side
groups in red) are shown in Figure 3.1a. The polymer helical conformation is
stabilized by hydrogen bonds between the amide groups of the side chains [1].
Polyisocyanopeptide has a high molecular weight (leading to unusually long
chains, up to 20 µm in length) and is extremely stiff for a synthetic polymer.
The persistence length lp of the matrix polymer l,d-PIAA amounts to 76± 6
nm [7]. The persistence lengths of the other three polymers have been measured
using AFM which is illustrated in Figure 3.9. These unique properties permit
us to investigate the different aspects of polymer chain dynamics in a single
molecule optical study.
3.2 Time-resolved wide-field fluorescence microscopy
3.2.1 Experimental set-up
Over the past 30 years, the world is moving towards the miniaturisation and
nanotechnology has become one of the driving forces of science and technology.
Scaling down the size of objects to the nanometre scale results in a drastic change
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in the physical properties of the material. To characterise these properties at
the nano-scale, new detection methods are required. Despite the success of
electron microscopy, scanning probe microscope and super resolution microscopy
techniques, there remains a need for methods by which one cannot only resolve
the structure but also provides information on physical phenomena such as
the dynamics of polymers at the nano-scale level. The fluorescence microscopy
method, in particular single-molecule spectroscopy, is recognised as an excellent
tool for the nano-scale characterisation of these phenomena [8]. The fluorescence
methods are continuously improved in order to increase the temporal and
Figure 3.2: Schematic representation of the experiment: the fluorescent
polymer (FP, red lines) in a transparent matrix of unlabelled polymers (UP,
grey lines) was excited with a laser (green light). The laser was focused in the
back focal point of the objective lens. The fluorescence emission (red light) was
collected by an objective lens, filtered with a low pass filter and imaged on a
CCD camera.
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spatial resolution, and the signal to noise ratio. In single-molecule spectroscopy,
we detect and measure the fluorescence signal originating from single isolated
molecules or polymer chains that are excited using an appropriate laser as
illustrated in Figure 3.2. These labelled molecules or chains can either be fixed
in a solid matrix or diffuse in a solution or melt. To ensure that the spatial
separation between the individual labelled molecules is larger than the diffraction
limit of the optical set-up, the concentration of the fluorescent molecules should
be very low such that the distances between them are typically in the order
of micrometres. The diffraction limit, d, or Rayleigh criterion is the generally
accepted law for the minimum resolvable detail [9]. An image is called diffraction-
limited when the first diffraction minimum of the image of one source point
coincides with the maximum of another. The diffraction limit is calculated
as d=0.61λ/NA where λ is the wavelength of the laser light and NA is the
numerical aperture of the objective lens.
Tracking the molecules over a period of time shows dynamic changes in its
environment. Measuring many molecules one by one, we obtain information
on the distribution of physical properties of the environment at the nano-scale.
Usually, the nano-scale properties of the material such as temporal and spatial
heterogeneities are averaged and hidden in the ensemble experiments. In contrast,
the use of single molecule methods allows going beyond the diffraction limit (see
analysis section) since the emitters can be localised with sub-pixel resolution as
it is at the position of the maximum intensity of the point spread function. In
a typical experiment, we directly visualise the tube motion of the fluorescent
polymer, l-PIAP, in real time and sub-pixel resolution by wide-field fluorescence
microscopy, see Figure 3.2. The fluorescent polymer chains, FP, are excited at a
wavelength of 543 nm focused in the back focal plane of a 100x oil objective lens
(N.A. = 1.3, ZEISS). The emission signal is collected with the same objective,
separated from the excitation light by a dichroic mirror (DCLP 560) and filtered
(LP-565). The motion in time (movie) is recorded with a Princeton Instruments
ProEM 512B charge coupled device (ProEM 512B CCD, model: 7555-0005)
camera using an integration time of 100 ms. The temporal and spatial resolutions
of the experimental set-up used here are 0.1 s and 270 nm (as calculated from
the emission maximum of perylenediimide), respectively.
3.2.2 Sample preparation
A typical sample is prepared by putting a drop of the mixture of fluorescently
labelled and unlabelled synthetic polymers in tetrachloroethane with a ratio of
1 : 106 in between two cover slips using a perforated Teflon sheet (PTFE film)
with a thickness of 100 µm as a spacer, see the sketch in Figure 3.3. This closed
43
3 Materials, experimental methods and analysis
sample configuration enabled us to limit the evaporation of tetrachloroethane
during the measurement time.
Figure 3.3: Sample preparation: a drop of the mixture of the fluorescently
labelled (FP) and unlabelled polymers (UP) with a ratio of 1 : 106 was
sandwiched between two cover slips using a perforated PTFE film (thickness
= 100 µm) as a spacer.
3.2.3 Analysis of the real time measurements
Using an image processing method, we track the position of single molecules and
shape fluctuations of different material and under different conditions. As we
demonstrate in chapter 4, such a motion can range from Brownian motion in a
diluted solution to slower regimes such as reptation in concentrated solutions [10].
Since these fluctuations are fast, we do need real-time measurements. This
process can be applied especially to track long synthetic polymers and biological
macromolecules such as actin, DNA, etc. With the image processing method
described below, we can use a personal computer to facilitate the analysis of
polymer conformations with large statistics and high accuracy. This method
is designed to analyse the dynamics of flexible and semi-flexible filamentous
macromolecules that are stiff such as DNA, actin and large stiff synthetic
polymers. With this method, we analyse the fluorescence images in two-
dimensional projection in the plane of the microscope. Owing to the diffraction
limit of our experimental set-up which is 270 nm, it is not possible to resolve
the internal conformations below this limit from the raw images. Therefore, we
use an algorithm for the fitting procedure consisting of the following steps:
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 Remove background and noise by smoothening using a median filter and
a two-dimensional (2D) Gaussian as a point-spread function.
 Fit the resulting image using 2D Gaussians.
 Group high intensity fitted points into separate molecules based on the
distance between them.
 Identify the order of the points in each group of points by using a travelling
salesman algorithm.
We now describe the above mentioned steps in detail. Despite careful efforts
to optimise the image quality, the CCD camera raw images are relatively
noisy (Figure 3.4a). The molecules outside the focal plane contribute to low
frequency background fluorescence and result in noise. Raman scattering and
inhomogeneous illumination are other possible sources of noise. The first step is
to calculate a background (Figure 3.4b) and increase the signal-to-noise ratio
by subtracting the background. For that, we use a 51×51-kernel median filter.
The result after background subtraction is illustrated in Figure 3.4c.
The median filter works by ranking the neighbourhood window based on
the intensity, and the middle value (the median) becomes the output value for
the pixel under evaluation. This process is repeated for each pixel. Since the
pixel value is replaced by the median of the surrounding window and not the
mean value, there is no reduction in contrast across different steps and the
extreme values are more effectively removed as well. Median filtering can be
done in several ways. In the conventional median filtering that is extremely
time-consuming, the ‘window’ (the pattern of neighbours) slides, pixel by pixel,
over the entire image. The median is calculated by sorting all the pixel values
from the window into numerical order first, and then replacing the pixel being
considered with the middle (median) pixel value. From one output picture
element to the next, the m × n window moves only one column. To get the
numbers in the new window from those in the preceding window, n points
are thrown away and n new points are added. The remaining numbers are
unchanged. To speed up the filtering procedure, we employed a fast median
filtering algorithm which was developed based on storing the grey level histogram
of the m× n picture elements in the window, and updating it as the window
moves. The algorithm is much faster than conventional sorting methods since
sorting on pixel level is no more required [11].
The resulting picture is at this point smoothed with a 2D Gaussian dis-
tribution as a point-spread function and this is achieved by convolution. The
Gaussian filters act as low-pass frequency filters which means that they remove
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high spatial frequency components from an image. This significantly reduces
the noise without compromising the main features of the molecule (Figure 3.4d).
Then, a 2D Gaussian function, f(x, y) =
∑N
i=1[I exp
(−((x−xc)2+(y−yc)2)
(4R2)
)
], is
used to fit the position of the fluorescent emitters in the resulting image. For that,
we first find an initial guess by looking at maximum intensities, I(xc, yc) = Imax,
and subtract for each maximum a Gaussian. After that, this position is no longer
a maximum and the next can be found. This procedure was repeated until
either 150 Gaussians are found or the next maximum drops below a threshold.
To recheck if all of the fitted Gaussians are meaningful, we look at the centre
of each Gaussian and compare its own contribution to the contribution of others
at that position. If the centre Gaussian contributes less than the sum of the
others, it is redundant and we remove it. Afterwards, we continue this procedure
iteratively until no redundant Gaussians (for each round of fitting) are found
and therefore, all fitted Gaussians are meaningful. Next, the image analysis
judges if two features close in space belong to a single polymer using a threshold
distance. We chose the threshold distance that implies a single molecule in our
Figure 3.4: Data analysis: (a) An example of a raw image, (b) a calculated
background, and its median filtered result (c). (d) A background subtracted and
smoothed fluorescence image. (e) Reconstructed image (for the long chain in
the raw image) from the fitting procedure and the chain contour (the black line
represents the contour of the polymer neglecting its small scale fluctuations).
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experiment as 15 pixels. It is noteworthy that the order of found Gaussians
for each polymer does not reflect the order they have in a polymer. In order
to find the correct order, they need to be sorted based on the distance. To
obtain the right order and basically the conformation of the chain, we trace a
line through each group using a traveling salesman algorithm. This algorithm
finds the shortest path between the points of each group that passes through the
middle points of the Gaussians (the solid line, Figure 3.4e). A popular example
that is generally used to describe the travelling salesman problem is formulated
as follows: suppose you have a list of cities and their pairwise distances. The
task will be to find a shortest possible tour that visits each place exactly once.
To realise this in MATLAB, we used the greedy algorithm and refine the best
route in the population by systematically flipping groups of points. A greedy
algorithm is a mathematical process that is mainly used to solve complicated
multi-steps problems. This algorithm looks for the optimal solution and provides
an immediate output for each smaller step. This step-wise way of solving the
problem continues by deciding which next step provides the most obvious benefit
and once a decision is made it will not be reconsidered again. In our case, the
problem is finding the nearest neighbour for each point in order to resolve the
conformation of the polymer chain.
Figure 3.5: (a) Parameters extracted from the fitting procedure, such as
end-to-end distance (R), centre of mass (C.O.M.), middle point of the contour
(M), the contour length (L) and the tube diameter (a). The points along the
polymer chain indicate the fitted Gaussians. (b) d⊥ between the chain at t1
and t2 is calculated as the smallest distance between the curve at t1 and M at
t2. d‖ is calculated using the centre-to-centre displacement and d⊥.
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This procedure is applied to the movies that have been recorded (for the
entire thesis around 250 movies were recorded). Among all movies, around 25%
exhibit a predominantly in plane motion which we selected for further analysis.
Each movie is composed of at least 2000 frames and therefore, the number of
frames to be analysed is in the order of 105. The above-described procedure
enables us to obtain the end-to-end distance R, contour length L, centre of mass
position (C.O.M.) and motion, and the middle point of the polymer chain M
as a function of time. A snapshot of a movie including all extracted parameters
is shown in Figure 3.5a. In order to study the polymer motion, we calculate the
perpendicular d⊥ and longitudinal displacements d‖ of the chain contour from
the movies, as shown in Figure 3.5b. The perpendicular displacement in time
(related to the tube diameter, see below) is calculated as the distance between
the middle-point of the chain at time t2 to the nearest point of the chain at time
t1, for all pairs of frames in a movie. The longitudinal displacement (related to
the forward motion) is then calculated from the centre-to-centre displacement
with the Pythagoras’ theorem. Typical values for the polymers under study are
in the order of micrometres for R and L, and in the order of tens of nanometres
for a, d⊥ and d‖ .
The fact that we obtain information below the diffraction limit is the
advantage of our analysis. In order to estimate the resolution of our analysis
procedure, we simulated many (around 50) polymer chains with the same
persistence length as our labelled polymer and applied our image-processing
algorithm.
The chains were simulated in 3D as almost linear strings of 50000 isotropic
emitters spaced at 0.1 nm distance, corresponding to the average distance
between the chromophores in labelled polymers, and a polymer length of 5 µm.
The dihedral angles, θ, were allowed to vary without limit, whereas the bond
angles followed a Monte Carlo-type exponential distribution. The bond angles
distribution is a Boltzmann distribution in which the associated energy is the
bending energy Ubend = 1/2kθ(∆θ)
2 where kθ is the bending force constant. The
bending energy is chosen such that the obtained persistence length, lp, matches
the experimental one. The persistence length was calculated for each simulation
by calculating the autocorrelation function of the bond directions θ versus
distance x using < cos θ > = exp (−x/lp), and amounted to lp = 120± 20 nm
similar to the experimentally determined persistence length of lp = 120 ± 30
nm in solution or lp = 138± 10 nm on mica. Next, the simulated chains were
projected from 3D to 2D. From the simulated coordinates (xi, yi, zi), images
were constructed by superimposing Gaussian point spread functions for each
chromophore, using I(x, y) = ΣiIie
−((x−xi)2/(2w2i )+(y−yi)2/(2w2i )), where wi was
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calculated using a Gaussian beam approximation wi = w0
√
1 +
(
zi
ZR
)2
, in which
the Rayleigh length (ZR = 270 nm) and waist size (w0 = 250 nm) were calculated
from the numerical aperture of the microscope, and Ii = w
−2
i . Finally, a realistic
amount of Poissonian noise was added to the images.
In Figure 3.6, a few examples of the simulated images are shown. The
blue lines with small-scale fluctuations are the simulated chains. The images
were processed in the same way as the movies with our analysis program. The
resulting primitive paths are shown in black, in Figure 3.6. Having applied the
same procedure to many simulated chains, yielded a resolution of 30-50 nm,
which was calculated as the root-mean-square difference between the primitive
paths obtained from the analysis and the simulated chain. Therefore, this
simulation unambiguously shows that our image processing method allows us
Figure 3.6: Examples of simulated chains (blue lines with small-scale
fluctuations), and the contours (black smooth curves) that have been extracted
from the analysis program.
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to extract length scales below the diffraction limit.
A schematic overview of the whole procedure from the raw image (thick
reddish tube) to the tube after data processing (dashed curves), conformation
of the chain extracted from fitting procedure (solid smooth black curve) and the
real chain (blue curve with the small scale fluctuations) is shown in Figure 3.7.
Figure 3.7: Schematic overview of the real chain (blue curve with the
small scale fluctuations), the conformation of the chain extracted from fitting
procedure (solid smooth black curve), the raw image (thick reddish tube) and
the tube after data processing (dashed curves), figure not to scale.
3.3 Materials characterisation using AFM measure-
ments
The atomic force microscope belongs to the group of scanning probe microscopes
(SPM), i.e. instruments for measuring the surface properties of materials and
was developed and first used by Binnig and Gerber in 1985 [12]. In 1986, Binnig
and Rohrer won the Nobel Prize for the discoveries of scanning tunnelling
microscopy (STM) and AFM.
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AFM is one of the few experimental tools that achieves near-atomic resolution.
This method can be used to measure hard or soft materials irrespective of
opaqueness or conductivity. An AFM can operate in gas, ambient, and fluid
environments and one can measure physical properties including elasticity,
adhesion, hardness, friction, stiffness and chemical functionality [13].
Figure 3.8 schematically shows the concept of an atomic force microscope.
An atomic force microscope consists of a cantilever with a sharp tip which is
positioned above the surface of a sample, in our case polymers. Depending
on the separation distance, long range or short range forces will dominate the
interaction. This force is measured by the bending of the cantilever by means of
an optical lever technique: a laser beam is focused on the back of a cantilever
and reflected into a photodetector, see Figure 3.8. By scanning the tip across
the surface and recording the change in force as a function of position, a map
of the surface topography can be generated. The AFM measures forces from
10−6 N to 10−13 N depending on details of the set-up [14].
Figure 3.8: Scheme of an AFM described in the text.
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3.3.1 Sample preparation
The substrate plays an important role in AFM measurements. One of the most
common substrates utilised for AFM investigations is mica. Mica is extremely
flat and has an average surface roughness of a few Angstroms over an area
of a few square micrometres. For our purpose, highly diluted solutions of the
polymers in chloroform were drop-casted on freshly cleaved mica and allowed
to dry slowly, in order to capture structures that are equilibrated as best as
possible.
3.3.2 AFM measurement results
Using scanning probe microscopy techniques, it is possible to directly access
conformational and mechanical properties of single molecules [15, 16]. This
technique can be used in polymer and material science because their molecular
properties can be compared to their macroscopic properties. For example, these
macromolecules can be pulled by scanning force microscopy [17,18] or imaged
after being equilibrated on a surface [7, 19]. From the AFM images, one can
determine the persistence length of the polymer on a surface which is comparable
to the one in solution. We describe here a typical AFM measurement in which
we determine the persistence length of the polymers under study equilibrated on
the mica surface. The samples were prepared using the procedure described in
section 3.3.1. In the tapping mode, AFM height and phase images were recorded
with a micro-fabricated silicon cantilever (MLCT-AUHW, Veeco) using scan
rates of 1-3 lines/s and a resolution of 512×512 pixels. The data processing
was performed with the software Gwyddion [20] which allowed the analysis of
the contours of the polymers after visualization by AFM and extraction of the
contour length L and end-to-end distance R. The averaged molecular weight
Mw was determined from the average of the contour length distribution. The
mean squared end-to-end distance, < R2 >, of a chain equilibrated in 2D on a
surface can be described, in the worm-like chain model, by [7]
< R2 >= 4lpL(1− (2lp)
L
(1− exp(− L
2lp
)) (3.1)
which includes the contour length of the polymer and its persistence length lp. In
Figure 3.9, the insets are examples of the AFM images of l-PIAP (Figure 3.9a),
3,4EG-l,d-PIAA (Figure 3.9b) and 3EG-l,d,l-PIAAA (Figure 3.9c). Their
mean square end-to-end distance, < R2 >, versus the contour length extracted
from the AFM images is plotted (squares) and shown in Figure 3.9.
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Figure 3.9: Mean squared end-to-end distance, < R2 >, as a function of
the polymer contour length (squares), The continuous line represents the
fitting model for 2D equilibrated chains from which the persistence length
of lp = 138 ± 10 nm for l-PIAP (a), lp = 42 ± 6 nm for 3,4EG-l,d-PIAA
(b) and lp = 129± 6 nm for 3EG-l,d,l-PIAAA (c) has been extracted. The
inset shows an example of AFM images of l-PIAP, 3,4EG-l,d-PIAA and
3EG-l,d,l-PIAAA from which the end-to-end distance and the contour length
of the polymers have been extracted. The scale bar in each image is 500 nm.
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We have fitted the experimental data to Equation (3.1) (continuous line) to
define the persistence length of these polymer chains. The persistence length
extracted from the AFM measurements amounts to lp = 138±10 nm for l-PIAP,
lp = 42± 6 nm for 3,4EG-l,d-PIAA and lp = 129± 6 nm for 3EG-l,d,l-PIAAA.
3.4 Materials characterisation using rheology mea-
surements
Rheology is the study of flow and deformation of matter and describes the
interrelation between force, deformation, and time, and is a bulk measurement.
The term comes from the Greek word ‘rheos’ which means ‘to flow’. The
science of rheology is only about 70 years old and was found by M. Reiner
and E. Bingham. Fluid rheology is used to describe the viscoelastic behaviour
of the material. Viscosity is resistance to flow and elasticity originates from
the “stickiness” between the molecules. All materials can be divided into three
categories on the basis of their rheological behaviour: (i) viscous materials in
which all added energy dissipates into heat, (ii) elastic materials in which all
energy added is stored and (iii) viscoelastic materials which show both viscosity
and elasticity behaviour.
In rheology measurements, a stress that is a tensorial pressure σ is applied
to the material in order to deform it. The deformation relative to a reference
conformation of volume, area or length is named the strain γ. One of the
most common rheology measurements is the oscillatory shear as sketched in
Figure 3.10. Within this method, the rheometer applies a small strain in
sinusoidal oscillation at a constant frequency ω (γ(t) = γ0 cos(ωt)) and the stress
is changing accordingly. There are three main rheometer concepts: storage
modulus (G′), which is the amount of energy stored in the system as mechanical
energy after a deforming force is applied (measure of the elasticity of the material
or the ability of the material to store the energy), loss modulus (G′′) that is
the amount of energy dissipates after a deforming force is applied (energy
lost as heat). These two parameters are related to each other via σ(t) =
γ0 (G
′(ω) cos(ωt)−G′′(ω) sin(ωt)). The third parameter is the phase angle (δ),
usually defined as tan(δ)=G′′/G′ [21, 22] that is a measure of material damping
such as vibration or sound damping. The complex modulus G∗ = G′ + iG′′ is a
measure of the overall resistance of the material to deformation. To measure the
bulk properties of our polymers in solution, we employ an oscillatory rheometer
that induces a sinusoidal shear deformation in the sample under study and
measures the resulted stress response of the shear deformation as a function of
the frequency. The sample is placed between two plates, as shown in Figure 3.10.
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The bottom plate remains fixed while a motor rotates the top plate. This imposes
a time-dependent strain γ(t)=γ sin(ωt) on the sample. The time-dependent
stress σ(t) is extracted by measuring the torque that the sample imposes on the
bottom plate.
Figure 3.10: Schematic representation of a typical rheometry setup, with the
sample placed between two parallel plates used in our work.
3.4.1 Results from rheology measurements
In order to provide an independent control on the parameters such as number
of entanglements Z measured by single molecule fluorescence microscopy, we
performed rheology measurements using a stress-controlled rheometer (Discov-
ery HR-1, TA Instruments) with aluminium parallel plate geometry (40 mm
diameter) and a gap of 200 µm. The Storage (G′) and loss (G′′) modulus of the
unlabelled matrices (1, 2, 3) in the linear regime were obtained by applying
an oscillatory strain of 2% with a frequency range of 0.01 to 100 rad/s and
measuring the sinusoidal stress response at T = 20 °C. As an example, we show
storage and loss modulus for matrix 1 in Figure 3.11.
The plateau modulus, G0N , was extracted e.g. for the polymer matrix 1 to
G0N = 300 Pa. Using the relationship G
0
N =
4
5
ρϕRT
Me
for polymer solution 1 with
55
3 Materials, experimental methods and analysis
ρ = 1600 kg/m3 and ϕ = 0.003 (ϕ is the volume fraction of the polymer in
solution and ρ the density of the polymer solution), gives Me = 31 kg/mole,
where Me is the average molecular weight between topological constraints
within a tube [23]. The polymer average molecular weight (Mw) was estimated
with AFM contour measurements [24] and amounted to 380 kg/mole. The
ratio between the average polymer weight and the entanglement molecular
weight, Z = 5Mw4Me [25] was calculated to be Z = 15, where Z is the number of
entanglements and related to the time constants via τd = 3ZτR [26, 27].
Another important parameter that can be extracted from rheology measure-
ments is the mesh size ξ in the entangled networks. Since our system follows
the flexible chain model, the mesh size is calculated using the plateau modulus,
G0N , obtained from the rheology measurement as [27]
ξ = 3
√
kBT
G0N
. (3.2)
Using the obtained plateau modulus for 1 at the concentration of 5 mg ml-1 and
Equation (3.2) we are able to calculate the mesh size which is ξ = 26 nm for
matrix 1.
Figure 3.11: Storage (G′) and loss (G′′) modulus as a function of angular
frequency for matrix 1 in tetrachloroethane at the concentration of 5 mg/ml.
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Chapter 4
Nanoscale study of polymer
dynamics
Abstract
The thermal motion of polymer chains in a crowded environment
is anisotropic and highly confined. Whereas theoretical and experi-
mental progress has been made, typically only indirect evidence of
polymer dynamics is obtained either from scattering or mechanical
response. Towards a complete understanding of the complicated
polymer dynamics in crowded media such as biological cells, it is of
great importance to unravel the role of heterogeneity and molecular
individualism.
In this chapter, we present the results obtained from the time-
resolved fluorescence microscopy measurements and investigate the
tube motion of synthetic polymers at the single chain level. A
single fluorescently labelled polymer molecule is observed in a sea
of unlabelled polymers, giving access to not only the dynamics of
the probe chain itself but also to that of the surrounding network.
We demonstrate for the first time that it is possible to extract the
characteristic time constants and length scales in one experiment,
providing a detailed understanding of polymer dynamics. We also
present rheology measurements, compare them to the single molecule
results and demonstrate a quantitative agreement.
Part of this chapter is published in:
M. Keshavarz et al., “Nanoscale Study of Polymer Dynamics”, ACS Nano 10, 1434-1441
(2016).
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4.1 Introduction
The rheology of polymers in melts and concentrated solutions that arises from
chain entanglement effects has been described by the reptation model proposed
by de Gennes [1], Edwards and Doi [2]. In this model, as introduced in chapter
2, a polymer chain is confined by the surrounding matrix and moves inside
an imaginary tube defined by the transient network of entangled neighbouring
chains. The polymer molecule cannot make transverse movements and may
relax only along the tube in a snake-like fashion named reptation. A detailed
observation of polymer motion in an entangled environment including small
scale fluctuations (in the order of a few milliseconds and on a length scale of
several monomer units) is practically almost intractable. Instead of looking
at the local dynamics of each monomer, the reptation model focuses on the
dynamics at a higher level, that of the primitive chain. Reptation occurs if the
following criteria are fulfilled. The polymer chain should exceed a critical length
which depends on the molecular weight between entanglements. Furthermore,
the concentration of the polymer solution should be larger than the critical
concentration at which entanglement starts to play a role.
The fundamental work on reptation theory has stimulated numerous theo-
retical and experimental studies to investigate the tube-like motion in entangled
media. Several experimental techniques such as nuclear magnetic resonance,
neutron and light scattering as well as fluorescence autocorrelation spectroscopy
have been used to probe the dynamics of entangled polymers in bulk. For
more details on the techniques, see chapter 2. Using scattering techniques, it
is extremely difficult, if not impossible, to obtain information on the level of
individual polymer chains, regarding their temporal and spatial dynamics and
the role of heterogeneity and molecular individualism.
In this chapter we present a comprehensive study on the dynamics of
individual polymer chains by means of fluorescence microscopy. We follow
a fluorescently labelled, synthetic polymer that is sufficiently long (µm) during
its motion through concentrated solutions of nearly identical, but unlabelled
polymers. To extract nanometre-scale information from diffraction limited
images (for details see section 3.2.3), we adopt concepts routinely used in
single molecule tracking experiments [3,4] and localization-based superresolution
microscopy [5–7] (fitting emitters with a 2D Gaussian function) as well as
concepts used in polymer modelling (approximating the chain as a string of
beads [8]). It is possible to probe the properties of both the labelled chain
and the surrounding matrix within our experiments. We show that in a single
experiment, all relevant length scales and, for the first time, time constants
can be accessed. By measuring the single chain dynamics in their longitudinal
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relaxing modes, we are able to demonstrate the validity of the scaling laws in
the reptation theory for flexible chains.
4.2 Results and discussion
4.2.1 Direct visualization of polymer motion in constrained me-
dia
In our approach, we directly visualized reptation by tracking the motion of the
fluorescent polymer l-PIAP, 4, in a matrix of unlabelled l,d-PIAA molecules, 1,
using single molecule wide-field fluorescence microscopy. The persistence length
lp of matrix 1 amounts to 76± 6 nm, whereas the lp of the probe chain 4 was
determined to be 120± 30 nm in solution and 138± 10 nm on mica (see section
3.3.2) which is extremely stiff for a synthetic chain. Although the polymer chains
have a very high persistence length for a synthetic polymer, the contour length
of the chains is still (much) more than ten times the persistence length, and
therefore the polymers should be treated as being flexible. Due to the extreme
length and relative stiffness of these polymers, entanglement is reached even at
low concentrations in terms of weight per volume of solvent. The molecular
Figure 4.1: 3D presentation of reptation. A fluorescently labelled polymer,
FP (red line), moves within an imaginary tube (wire-frame purple tube with
diameter (a)) formed by the entangled neighbouring unlabelled polymer chains
(grey lines).
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weight (Mw) of the unlabelled polymers was varied using different ratios of nickel
(II) initiator to monomer. In our study, we used ratios of [initiator]/[monomer]
= 1/10,000 and 1/2,000. The studied tube motion is illustrated in Figure 4.1,
where a fluorescent polymer (FP, red line) moves within an imaginary tube (the
purple wire-frame tube with diameter (a)) characterized by its tube diameter
defined by the surrounding polymer chains (grey lines). The diameter of the
tube, a, corresponds to the average distance between the nearest entanglement
points [1].
The tube motion of the fluorescent polymer, 4, was directly visualized using
the wide-field fluorescence microscopy set-up described in section 3.2.1. The
sample containing mainly unlabelled polymers and only a few labelled ones
(concentration ratio 106 : 1) was photo-excited with a laser (λ = 543 nm).
The image was focused in the middle of the 100 µm thick sample cell to avoid
any possible side wall effects. The fluorescence emission was collected through
an objective lens (100×; NA 1.3; resolution 270 nm for emission at 580 nm)
and imaged with a CCD camera. Movies with visually predominantly in-plane
motion, showing quasi two-dimensional dynamics, (more than 20 movies out
of 100) were selected for further analysis. These movies were analysed using
home-made software, as explained in section 3.2.3. Each raw frame was analysed
individually. From the fitting procedure, we obtained, as a function of time, the
end-to-end distance, contour length L (without small-scale fluctuations), center
of mass position and motion, and the middle point of the polymer chain. This
method permits us to study the polymer motion as a function of the properties
of the reptating polymer and the characteristics of the local surrounding matrix,
which is only possible in a single molecule experiment. We also calculated the
perpendicular (d⊥) and longitudinal displacements (d‖) from the movies, as
shown in Figure 3.5b.
In total, we present the snapshots of four movies including their analysis as
examples out of more than 20 fully analysed movies.
Figure 4.2a shows representative snapshots of a movie (# 1) recorded from
a labelled l-PIAP polymer chain 4 in a concentrated solution of unlabelled
l,d-PIAA 1 molecules. It is clearly visible that the fluorescent polymer chain
can be described as moving in an imaginary tube (indicated with lines next to
the chain) formed by its unlabelled neighbours. The overall tube in which the
single polymer molecule is moving for short time periods is shown in the lower
part of Figure 4.2a. It is obtained by superimposing the snapshots corresponding
to the time-scales indicated. For example, in the second column (10-15 s), it
can be seen that the polymer has started to escape the yellow tube (0-9 s)
represented by the dashed lines in the first column since the new tube (green
lines in the second column) does not follow completely the same path of the
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original tube. This tube-escape can be followed in the consecutive images.
Figure 4.2: (a) Snapshots (movie# 1) of a labeled l-PIAP 4 chain in a
concentrated solution of unlabelled l,d-PIAA 1. The overall tube was obtained
by superposition of the snapshots corresponding to the time-scales indicated. In
the second column (10-15 s), the polymer molecule started to escape the yellow
tube (0-9 s) represented by the dashed lines in the first column since the new
tube (green solid line in the second column) did not follow the same path of the
original tube. This can be seen in all following images. (b) The superimposed
conformations of the fluorescent polymer chain contour for the entire movie# 1
from t = 0 to t = 84 s. The colour code indicates the time. The tube diameter
was extracted to be a = 160± 30 nm and the disentanglement time (the time
where all overlap with the previous primitive path has vanished) of the first
tube motion (the U-shape in the right part of the figure) was estimated to be
τd = 50± 5 s.
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Looking at the snapshots, it is evident that around t = 50 s the polymer chain
has left its original tube completely.
In Figure 4.2b we plotted the superimposed chain contours to monitor the
traversed path of the fluorescent polymer for the entire movie from t = 0 to
t = 84 s, leading to an estimated tube diameter of a = 160±30 nm (indicated by
the arrows). The imaginary tubes in Figure 4.2a are clearly visible in Figure 4.2b.
It can be seen that at long time scales the most left blue lines (Figure 4.2b)
define a completely different tube. The polymer chain has left the original
tube (the purple U-shaped tube in the right part of Figure 4.2a). This gives an
approximation of the disentanglement time for the first tube, which is estimated
to be τd = 50± 5 s.
Analogous to Figure 4.2a, Figures 4.3a (movie# 2) and 4.4a (movie# 3) are
Figure 4.3: (a) Snapshots (movie # 2) of the reptation motion of a single
chain in a concentrated matrix (concentration: 5 mg/ml, with the initiator to
monomer ratio of 1/10,000). The imaginary tube is marked in each snapshot
and superimposed with increasing time in the last row. The columns (1 to 3)
indicate changes occurred in the tube shape during time. (b) Superimposed
chain configuration for the entire movie # 2. The colour code indicates the
time. The corresponding changes in the tube shape that is shown with the
numbers in the snapshots can be clearly seen here (1 to 3).
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the snapshots of the motion of the labelled chain 4 in a concentrated solution of
Figure 4.4: (a) Snapshots (movie # 3) of the reptation motion of a single
chain in a concentrated matrix (concentration: 5 mg/ml, with the initiator to
monomer ratio of 1/10,000). The imaginary tube is marked in each snapshot
and superimposed with increasing time in the last row. The columns indicate
changes occurred in the tube shape during time. (b) Superimposed chain
configuration for the entire movie # 3. The colour code indicates the time.
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unlabelled matrix 1 and clearly show the constrained motion of the polymers. In
Figures 4.3b and 4.4b we plotted the superimposed conformations of the labelled
polymer for the entire movie from t = 0 to t = 70 s, Figure 4.3b, and t = 0 to
t = 80 s, Figure 4.4b, and estimated the tube diameter to be a = 150± 30 nm
and a = 160± 30 nm. The imaginary tubes illustrated in Figure 4.2a and b can
be seen clearly in Figure 4.3a and Figure 4.4a. When the tubes do not have
any overlap, we can approximately determine the disentanglement time to be
τd = 70± 5 s and τd = 83± 5 s, respectively.
4.2.2 Polymer motion in diluted and concentrated matrices
The polymer dynamics are found to be strongly dependent on the concentration
of the surrounding matrix, 1 (Figure 4.5). The inset of Figure 4.5a displays
Figure 4.5: Polymer motion in dilute (upper panel) and concentrated (lower
panel) solutions. Insets show: (a), the polymer motion in a dilute matrix
(concentration = 3 mg/ml) during a time of t = 80 s. The polymer chain
explores a large area representing Brownian motion. (b) The polymer motion in
a concentrated matrix (concentration = 5 mg/ml), which by contrast represents
a confined motion referred to as reptation with a tube diameter of a = 0.16±
0.03 µm (indicated by arrows in the figure) (both insets have the same scale).
The occurrence of perpendicular displacements, d⊥, (solid symbols in (a) and
(b)) is indicated. A narrow Gaussian distribution (the green and red solid lines
are the individual Gaussian fits and the blue line is the sum of the green and
red fits, in b) is observed for the concentrated matrix 1, the width of which
corresponds to the tube diameter (a = 0.15± 0.03 µm), while the dilute matrix
shows a broad peak (symbols in a) with a width of a = 1.00± 0.03 µm.
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the polymer 4 motion within a dilute polymer matrix 1, (concentration = 3
mg/ml), with [initiator]/[monomer] = 1/10,000. In a period of 80 s, the polymer
chain explores a rather wide area (4× 4 µm2) in a diffusive manner typical for
Brownian motion. In contrast, a labelled chain 4 in a more concentrated matrix 1
(concentration = 5 mg/ml, Figure 4.5b inset) with the same initiator to monomer
ratio as the dilute matrix, is restricted by the neighbouring chains limiting the
lateral motion with respect to the tube. The tube diameter (a = 0.16± 0.03 µm)
can be estimated from this image (arrows in the inset of Figure 4.5b), and also
by plotting a histogram of the perpendicular displacements (d⊥, solid symbols,
Figure 4.5b) which can fit to either a Gaussian possessing an exponential tail [9]
or two Gaussians (solid lines in Figure 4.5b). The latter data revealed a very
narrow Gaussian distribution. The width of the Gaussian corresponds to a tube
radius of a/2 = 0.075±0.030 µm. The d⊥-histogram of the dilute matrix showed
a very broad peak (symbols in Figure 4.5a) with a width of a = 1.00± 0.03 µm,
one order of magnitude larger than the tube diameter in the concentrated matrix.
4.2.3 Fluorescent polymer contour and persistence length
The fluorescent polymer contour length, L, was calculated by using a histogram
of the measured contour length during the measurement time. Starting from
the longest length and considering the time at which the polymer primitive
Figure 4.6: The primitive path length of the fluorescent polymer. Histogram
of the primitive path length during measurement time.
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path had this length, and checking the fitted image, we defined the lower limit
of the contour length as the longest length in the histogram where the chain
is entirely in the focal plane, see Figure 4.6. The experimentally determined
contour length can be taken, to a first approximation, as the primitive chain
length of the Doi-Edwards model.
The persistence length of the labelled polymers equilibrated on the mica
surface was extracted from AFM measurements and presented in section 3.3 (lp =
138±10 nm). In order to obtain the persistence length of the labelled polymer in
solution, we plotted the occurrence of the end-to-end distance extracted from real-
time fluorescence images, Figure 4.7. To avoid the effect of surrounding chains,
this experiment was done in the diluted matrix (concentration=3 mg/ml with the
Initiator to monomer ratio of 1/10,000). As can be seen in Figure 4.7, our data
can be fitted well with a Gaussian and follows an ideal chain model as expected for
flexible chains. The persistence length extracted from fluorescence measurements
is in good agreement with the one obtained from AFM measurements lp =
138± 10 nm. Having access to the persistence length of the polymers in solution
via single molecule measurements is another advantage of this analysis method.
Figure 4.7: Calculating the persistence length (lp) of the labelled L-PIAP in a
diluted matrix 1 (3 mg/ml) using a Gaussian end-to-end distribution function.
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4.2.4 Space- and time-dependence analysis of polymer dynam-
ics
Our real time data (movies) unambiguously demonstrate that the polymer
molecules display constrained motion. Moreover, from the data, we can obtain
detailed and quantitative information about the space- and time-dependence
of the polymer dynamics. This information becomes apparent when the mean
value of perpendicular displacement, < d⊥ >, and the mean square value of
longitudinal displacement, < d2‖ >, is calculated as a function of the lag time
for a single labelled chain in a concentrated matrix. d⊥ is the perpendicular
displacement distance (d⊥ > 0), which was calculated and grouped for each pair
of frames (for all time intervals) and then averaged for each time interval (lag
time t). We show a situation in which the polymer chain changes its original
tube completely several times within 80 seconds of its motion (Figure 4.8). In
order to calculate the tube diameter of this chain within the different time
periods and spatial regions, we divided the movie (movie# 5) into four parts,
such that each part contains at least one tube.
The perpendicular displacement, d⊥, as a function of lag time is plotted in
Figure 4.9a (1-4), along with < d⊥ >(t) for the entire movie (Figure 4.9a (5)).
We observed two regimes where < d⊥ >(t) follows a power law [10,11]. The
Figure 4.8: The motion of a fluorescent polymer chain, 4, in the concentrated
1 matrix where the polymer chain changes its path several times within 80s.
The color bar shows the time. This movie (movie# 5) is divided into four parts
indicated by the solid lines below the figure.
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slope of the fits was observed to change from 1/4 to 1/2 for each plot. This
gradient change occurs when the polymer segments face tube constraints. The
average perpendicular displacement in the crossing point corresponds to the
tube diameter, which is extracted for all consecutive time periods (1 to 4), as
well as for the entire movie (5) (Figure 4.9b).
Figure 4.9: Space- and time-dependence of the polymer motion (movie# 5).
(a) < d⊥ > versus lag time for all parts of the movie, 1 to 4, and for the entire
movie, 5 (the movie shown in Figure 4.8). The average value of perpendicular
displacement at the crossing point (which we define as the point where the
slope of the fitted lines changes from 1/4 to 1/2) gives an estimate of tube
radius, a/2. (b) The tube diameter for movie parts 1 to 4 and the entire movie
5 versus plot numbers (the dashed lines is the tube diameter of the entire
movie) indicating the homogeneity of the matrix over this period. (c), < d2‖ >
as a function of lag time, indicating the regimes of local reptation (solid line
with a slope of 0.28±0.05) and reptation (solid line with a slope of 0.55±0.05).
The time point between the two regimes is the Rouse time τR = 0.4± 0.1 s.
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The average value is the same, a = 0.08 ± 0.01 µm, for all parts of the
movie, highlighting the remarkable homogeneity of the matrix over the studied
area. We emphasize that with this method, we can probe directly the local
homogeneity or the heterogeneity of the matrix by tracking the tube diameter
of the labelled single polymer over time.
To obtain information about the dynamics of the reptation motion of
individual chains, we plotted the mean square value of longitudinal displacement,
Figure 4.10: Space- and time-dependence of the polymer motion (movie# 6).
(a) The motion of a fluorescent polymer chain, 4, in the concentrated 1 matrix
where the polymer chain changes its path several times within 105 s. The color
bar shows the time. This movie is divided into three parts indicated by the
solid lines below the figure. (b) < d⊥ > versus lag time for all parts of the
movie, 1 to 3, and for the entire movie, 4. The average value of perpendicular
displacement at the crossing point where the slope of the fitted lines changes
from 1/4 to 1/2 gives an estimate of tube radius, a/2. (c) The tube diameter
for movie parts 1 to 3 and the entire movie 4 versus plot numbers (the dashed
lines is the tube diameter of the entire movie) indicating the homogeneity of
the matrix over this period.
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< d2‖ >, versus lag time (Figure 4.9c). < d
2
‖ > was calculated using a similar
procedure as for < d⊥ > described above. As proposed in the reptation model
and described in detail in chapter 2, we expected to see in total four dynamic
regimes:
(I) t < τe where the mean square longitudinal displacement scales with time
as < d2‖ >∝ t1/2.
(II) τe < t < τR (local reptation) where < d
2
‖ >∝ t1/4.
(III) τR < t < τd (reptation) where < d
2
‖ >∝ t1/2.
(IV) t > τd (normal diffusive behaviour) with < d
2
‖ >∝ t.
In Figure 4.9c, where we show < d2‖ > as a function of the lag time, we observe
two regimes (local reptation and reptation). The first regime, with an exponent
of 0.28± 0.05, refers to local reptation. The second regime, with an exponent of
0.50± 0.05, corresponds to the reptation regime. The crossing point of these
two regimes is the Rouse time, which equals to τR = 0.4± 0.1 s for the polymer
presented in Figure 4.9c. Similar to Figure 4.9, we have analysed several movies
and Figure 4.10 shows another example of space- and time-dependence analysis
Figure 4.11: Movie analysis (movie# 1). (a) < d2‖ > as a function of lag time,
indicating the regimes of local reptation (exponent = 0.23±0.03) and reptation
(exponent = 0.52± 0.04). The time between the two regimes is the Rouse time
τR = 1.2± 0.1 s. (b) Perpendicular displacement versus lag time for a labelled
chain in the concentrated matrix. The two regimes can be distinguished from
the change in the slope of the fits (solid lines). The tube radius is extracted to
be a2 = 0.08± 0.03 µm from the crossing point of the fits.
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of the polymer motion.
Figure 4.12: Movie analysis (movie# 2). (a) < d2‖ > as a function of lag time,
indicating the regimes of local reptation (exponent = 0.26±0.03) and reptation
(exponent = 0.52± 0.03). The time between the two regimes is the Rouse time
R = 1± 0.1 s. (b) Perpendicular displacement versus lag time for a labelled
chain in the concentrated matrix. The two regimes can be distinguished from
the change in the slope of the fits (solid lines). The tube radius is extracted to
be a2 = 0.07± 0.03 µm from the crossing point of the fits.
Figure 4.13: Movie analysis (movie# 3). (a) < d2‖ > as a function of lag
time. (b) Average perpendicular displacement versus lag time for a labelled
chain in the concentrated matrix. The two regimes can be distinguished from
the change in the slope of the fits (solid lines). The tube radius is extracted to
be a2 = 0.07± 0.03 µm from the crossing point of the fitted lines.
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In Figures 4.11 and 4.12 a and b we extracted the Rouse time and the tube
diameter for movies# 1 and # 2 whose snapshots are illustrated in Figures 4.2
and 4.3.
Movie# 3 (whose snapshots are shown in Figure 4.4) was an example in
which the disentanglement time, τd, was longer than our measurement time and
we were not able to observe the reptation regime thus, the Rouse time could
not be extracted, see Figure 4.13a. The tube diameter (a = 140± 30 nm) for
movie# 3 was extracted and illustrated in Figure 4.13b.
The extracted parameters for all movies presented in this chapter until now
are summarized in Table 4.1.
Movie c L a τe τR τd
(mg ml-1) (µm) (nm) (ms) (s) (s)
# 1 5 3.60± 0.03 5.0± 0.7 6.1 1.2± 0.1 85± 21
# 2 5 3.10± 0.03 140± 30 5.1 1.0± 0.1 63± 11
# 3 5 2.60± 0.03 140± 30 6.2 – 51± 8
# 4 3 2.90± 0.03 – – – –
# 5 5 2.10± 0.03 80± 10 2.1 0.4± 0.1 20.6± 10.1
# 6 5 2.00± 0.03 60± 10 3.6 0.7± 0.1 40.7± 5.2
Table 4.1: Concentration, contour length, tube diameter, entanglement time,
Rouse time and disentanglement time for the movies mentioned above are
summarized here. τe is calculated using τR = Z
2τe for all the movies with
Z = 14 extracted from single molecule measurements except movie# 3 where
we used τd instead. Movie #4 is the polymer motion in the dilute regime where
no data on a, τe, τR and τd is available.
To the best of our knowledge, this result is the first experimental observation
of the specific time dynamics of polymers within the Rouse (II) and reptation
(III) regimes, and is in full agreement with simulations [10,11]. Due to photo-
bleaching of the fluorescent polymer, it was difficult to obtain enough data
points to determine the disentanglement time, τd (start of regime (IV)) from
this plot. Instead, as described above, we derived the disentanglement time
from the movie snap shots, see Figure 4.2a. Furthermore, since the time
resolution of our experimental set-up is set to 0.1 s (in order to capture
images with the desired signal to noise ratio), we do not have access to
region (I). This implies that we cannot determine the entanglement time
and the corresponding tube diameter from the parallel displacement data
((a/2)2 =< d2‖ >(t=τe) [10, 11]). The entanglement time, however can be
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calculated using the Rouse and disentanglement times, and the tube diameter is
estimated from the perpendicular displacement data (Figure 4.9a).
4.2.5 Statistics on dynamical properties of polymers and scal-
ing laws
So far, we have presented the space and time dependence of a single polymer in
a crowded environment for several movies. In order to link our single molecule
data to bulk polymer properties, we have analysed more than 20 chains of
different lengths and used the parameters (τd, τR and a) to explore the analytic
expressions for time- and space-dependent behaviour of entangled polymers
at the single chain level. The Rouse time, τR, disentanglement time, τd, and
entanglement time, τe, are related by τR = Z
2τe and τd = 3Z
3τe [12], see section
2.4.2. As a consequence, τd = 3ZτR, where Z is defined as the number of
entanglements per chain.
Figure 4.14: Disentanglement time (tube renewal time) as a function of the
Rouse time. The slope of the linear fit is 3Z, in agreement with Z extracted
from the rheology measurements (see text). Inset: Storage (G′) and loss (G′′)
modulus of the matrix L,D-PIAA in tetrachloroethane (5 mg/ml).
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The relationship between disentanglement time and Rouse time is illustrated
in Figure 4.14 where the slope of the linear fit (solid line) corresponds to 3Z
thus, Z = 14.0± 0.1. Knowing Z enables us to calculate the entanglement time
for the labelled chain (using the relationship τd = 3ZτR), which in our system
is in the order of 10−3 s. In order to substantiate our approach, we performed
rheology measurements on the L,D-PIAA polymer solutions (see section 3.4.1),
(inset of Figure 4.14). We extracted the plateau modulus G0N = 300Pa and
Me = 31 kg/mole for the polymer matrix 1 using same method described in
section 3.4.1. The polymer average molecular weight (Mw) was estimated with
AFM contour measurements [13] and amounted to 380 kg/mole. The ratio
between the average polymer weight and the entanglement molecular weight,
Z = 5Mw4Me [12] was calculated to be Z = 15, which is very close to the value
Z = 14 found for the single molecule data. This correlation shows that our
single molecule derived data agree very well with the bulk rheology experiments.
In Figure 4.15 we plotted the tube diameter a of the polymer chain versus the
contour length L of the reptating polymer for a matrix consisting of polymers
Figure 4.15: Tube diameter a versus contour length L of the labelled chains
(symbols) for polymers of different molecular weight, showing no correlation
confirming the fact that the tube diameter depends on the surrounding chains.
No relationship between the tube diameter and molecular weight is observed
(see text).
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(1) with different molecular weights (Mw) ([Initiator]/[monomer] = 1/10,000
(red round symbols) and 1/2,000 (black square symbols)). As can be seen, no
correlation is observed since the tube is defined by the density of neighbouring
obstacles, which, as long as the matrix polymers are long enough, solely depends
on the polymer concentration.
Finally, we investigated the relation between the polymer length and the
time constants that have been predicted in the reptation theory, see chapter 2.
This is only possible in a single-molecule study. In Figure 4.16 both τR (a, square
symbols) and τe (b, round symbols) are plotted as a function of the contour
length L. We observed power laws for τR and τe ∝ L2.1±0.1, which is in good
agreement with the theory of reptation (the relationship should scale with L2).
This is the first time one can have access to the entanglement and Rouse time at
the single chain level. Additionally, we plotted τd as a function of L (Figure 4.17)
revealing a power law τd ∝ L2.9±0.1, again in full agreement with the reptation
theory, which predicts τd ∝ L3 [1]. By carefully looking at the relation between
the polymer length and the disentanglement time in the investigated length
scale, we did not observe the famous power law of τd ∝ L3.4−3.7 (for more details
see chapter 2) which deviates from the predicted power law L3. This shows that
probably the disagreement is only valid for really long polymers and in highly
Figure 4.16: τR and τe as a function of contour length L confirming the
predictions that τR,τe ∝ L2.
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heterogeneous environments.
Figure 4.17: Relationship between disentanglement time and the contour or
primitive path length. The slope of the curve is in agreement with reptation
theory, which predicts τd ∝ L3.
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4.3 Conclusion
In this chapter, we have shown that direct visualization of the tube dynamics of
a synthetic organic polymer using wide field fluorescence microscopy is possible.
The tube diameter was extracted, and by carefully analysing the space- and
time-dependence of the dynamics of the polymer chains, we have also probed
the local homogeneity/heterogeneity of the polymer matrix. The local reptation
and reptation regimes have been observed and the Rouse time was extracted.
Neither the contour length of the reptating chain nor the molecular weight of
the surrounding matrix showed any correlation with the tube diameter. It was
observed that the scaling laws, as derived from our single molecule experiments,
are in excellent agreement with the De Gennes-Doi-Edwards reptation model.
We also demonstrated that all characteristic time constants and length scales
of polymer dynamics can be obtained within one experiment. We are able to
observe the characteristic dynamics of polymers in a gel in the Rouse, reptation
and diffusive regimes. Our analytical approach permits us to determine the
scaling laws of polymer motion with respect to the contour length, even in an
extremely polydisperse polymer matrix. The results obtained at the nanoscale,
are in complete agreement with bulk rheology measurements suggesting a
homogenous material in the range of tens of micrometres.
In contrast to biopolymers, which usually have properties that cannot be
easily changed, synthetic polymers have the advantage that the parameters of
the reptating polymer chains such as the persistence length and the surround-
ing matrix (material, density, orientation, morphology and chirality) can be
independently varied. This chapter provides the platform to study the effect of
changing these parameters on polymer dynamics.
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Chapter 5
Polymer dynamics versus
polymer stiffness and mesh
size
Abstract
In this chapter we continue the investigation of polymer dynamics
applying the same procedure as described in chapter 3 and 4. Using
synthetic polymers allows us to investigate the confined motion of
polymer chains not only as a function of polymer concentration
but also versus persistence length. In addition to the characteristic
properties of polymer dynamics such as the Rouse time, we define the
confining potential, tube diameter and the number of entanglements
per chain as a function of polymer concentration and persistence
length. We also independently determine the effect of the polymer
persistence length and mesh size on the tube diameter. Although
the polymers used can be characterized as flexible chains, our
experimental results lead to a dependence of the tube diameter
on both the mesh size and the persistence length, which follows the
theoretically predicted relation for semiflexible chains.
Part of this chapter is published in:
M. Keshavarz et al., “Confining Potential as a Function of Polymer Stiffness and
Concentration in Entangled Polymer Solutions”, submitted.
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5.1 Introduction
One of the key questions in polymer physics is how the characteristics of the
individual chains within a polymeric material lead to their collective properties.
When the individual chains become sufficiently long, entanglement occurs.
Entanglements generate topological constraints on polymer conformations and
dynamics, which arise from the mutual uncrossability of polymers and cause
a significant change in the viscoelastic behaviour of the polymer bulk. This
phenomenon is generally described using the tube model that is introduced
explicitly in chapter 2. In this model entanglements restrict the accessible
configuration space for the test polymer and impose a tube-like domain around
the test chain thereby suppressing its transverse motion. This tube follows the
shape of the test chain.
A tube surrounding an entangled polymer is not permanent since it is
formed by other mobile chains leading to random changes in its surface, and
therefore, stochastic fluctuations in the average tube diameter occur. In order to
replace the Edwards’ static tube picture with a “soft” tube, a dynamic confining
potential with a profile of the harmonic potential was introduced [1, 2].
The confined motion of polymers has been studied using several experimental
techniques from bulk to the single molecule level. As mentioned in chapter 2, in
the bulk methods the information obtained is averaged over spatial distribution of
the molecules, molecular heterogeneity, i.e. chemical compounds, distribution of
molecular sizes and conformation. Therefore, it is extremely difficult to study the
confining potential and tube width fluctuations for individual polymers using bulk
methods. In contrast, single molecule experiments allowed to extract quantitative
information on the tube width fluctuations, as was done by imaging F-actin [2–4],
a semiflexible biopolymer. The investigation of crowded polymer environments
was carried on theoretically [5–8], in order to further understand the confined
tube-motion for semiflexible chain systems. Until now, experimentally very little
is known about the transient confining potential through which the polymer
chain moves, in particular for flexible chains. So far, the only experimental study
on flexible chains was done on DNA using optical tweezers. This resulted in a
direct measurement of the intermolecular forces imposed by the surrounding
entangled polymers on a single chain, but the interpretation was hindered by the
presence of nonlinear flows [9]. Numerical simulations are restricted to relatively
short polymers and by the number of entanglements that can be taken into
account [10].
In this chapter, we present an experimental study on synthetic polymers, in
particular flexible chains, in order to investigate the dynamics of an individual
polymer and its relation to material dynamics. We directly track the motion of
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a labelled polymer in a matrix of unlabelled polymers by single molecule wide-
field fluorescence microscopy. Using synthetic polymers with unique tunable
properties (viz. lengths in the range of 0.1-20 µm, persistence length lp 4-200 nm)
allows us to investigate the confined motion of polymer chains versus different
parameters such as lp. The polymer motion can be separated into displacement
components parallel and perpendicular to the tube, see Figure 3.5b in chapter
3. From the probability distribution of the perpendicular displacements, we
extract the confining potential and the effective restoring force constant which
enables us to probe the functional dependence of the tube diameter on the mesh
size and the persistence length.
5.2 Materials and experiment
The synthetic polymers we used in our study are 1, 2 and 3 as the unlabelled
matrices and 4 as the labelled chain to probe the properties of the unlabelled
matrix, see Figure 3.1. The persistence lengths of the studied polymers have
been extracted from atomic force microscopy (AFM) measurements [11] to be
lp = 76±6 nm for 1, lp = 42±6 nm for 2, lp = 129±6 nm for 3 and lp = 138±10
nm for 4 [12]. Although the chains are very stiff, their contour length L is still
much larger than their persistence length L lp. Hence, our system should
Figure 5.1: Storage (G′, closed symbols) and loss (G′′, open symbols) modules
of the 3EG-l,d,l-PIAAA in tetrachloroethane (5 mg/ml left handed triangles,
6.5 mg/ml triangles and 8 mg/ml circles) as a function of angular frequency.
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be considered to consist of flexible chains. Since our system follows the flexible
chain model, the mesh size can be calculated using the plateau modulus, G0N ,
obtained from a rheology measurement as [13]:
ξ = 3
√
kBT
G0N
. (5.1)
Using the MIN method [14], the plateau modulus was extracted from the storage
(G′, closed symbols, Figure 5.1) and loss (G′′, open symbols, Figure 5.1) modulus
for 3 at concentrations of 5 (pink left-handed triangles), 6.5 (blue triangles)
and 8 mg/ml (black circles). The studied concentration range was limited to
a concentration in which we achieve entanglement as the lower limit and the
upper limit is defined when the labelled chain is observed to be static. Moreover,
the plateau modulus and the mesh size of matrix 2 at concentration of 8 mg/ml
was calculated using Equation (5.1) and all the mesh sizes and plateau modulus
are summarized in Table 5.1.
Polymer c G0N ξ lp a Z
(mg/ml) (Pa) (nm) (nm) (nm)
1 5 234± 12 26± 4 76± 6 149± 19 14± 1
2 8 10.9± 0.5 72.3± 0.2 42± 6 208± 9 8± 2
3 5 3.0± 0.2 111.0± 0.1 129± 6 218± 25 11± 1
3 6.5 5.0± 0.3 93.8± 0.1 ′′ 173± 18 12± 1
3 8 7.3± 0.4 82.6± 0.1 ′′ 158± 30 13± 1
Table 5.1: Concentration, plateau modulus, mesh size, persistence length, tube
diameter and number of entanglements for 3EG-l,d,l-PIAAA 3 for different
concentrations, as well as for 3,4EG-l,d-PIAA 2 at a concentration of 8 mg/ml,
and for l,d-PIAA 1 at a concentration of 5 mg/ml.
We started the single molecule experiment by mixing the labelled polymer
chains with the unlabelled matrix at a ratio of 1 : 106. Using time-resolved
fluorescence microscopy, we monitored the motion of a labelled polymer within
the matrix of unlabelled polymers. The experimental results were real-time
movies that were analysed using the procedure described in section 3.2.3. With
our analysis method, we defined the contour of the chain [12]. This contour of
the chain represents a coarse-grained view of the chain where the small-scale
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fluctuations are omitted. When averaged over times longer than the Rouse
time, this is related to the primitive path in the Doi-Edwards theory [15]. The
primitive path lies along the center line of the tube where the chain winds
around it. The superposition of the primitive paths during time represents the
tube like motion that can be resolved into parallel d‖ and perpendicular d⊥
displacement components at a precision of 30-50 nm [12]. The trajectories were
analysed with a frame rate of 0.1 s in the time scales above the entanglement
time and far below the disentanglement time τd.
The experimental parameters that can be determined from these kind of
measurements are the length scales such as the tube diameter a, the contour
length L, and the time constants such as the Rouse time τR and disentanglement
time τd as well as the number of entanglements per chain Z following the
procedure outlined in chapter 4. The experimental results in this chapter are
divided in two parts: in the first part we studied the effect of concentration
and consequently mesh size ξ on the tube diameter a using a solution of matrix
3 in tetrachloroethane at concentrations of 5, 6.5 and 8 mg/ml as unlabelled
matrix. In the second part the dependence of the tube diameter on the polymer
persistence length was studied applying matrix 2 and 3 as the unlabelled
matrices. Combining the results of these two parts and adding the extra point
extracted from the experiments on matrix 1 led to a characteristic relation for
a, lp, and ξ for flexible chains. It should be noted that the probe chain was
always 4 which has a similar chemical structure and properties to the matrices
used in our study, allowing genuine reptation to be observed.
5.3 Results and Discussion
5.3.1 Confining potential
The confining potential was extracted from the probability distribution of
the perpendicular component of the displacements (P (d⊥)) of a single chain
(Figure 5.2, symbols). The ensemble-averaged dynamical confining potential
V (d⊥) that the chain segments feel, was extracted using [2]:
V (d⊥)
kBT
= −lnP (d⊥),
where kBT is the thermal energy, see inset of Figure 5.2 (symbols). Previous
experimental studies have shown that P (d⊥) follows a Gaussian for the short
range displacements and possesses an exponential tail [2] for large displacements.
Therefore, a Gaussian, 2
w
√
2pi
e(−
d2⊥
2w2
), was fitted to the first logarithmic decay of
P (d⊥) (black curve in Figure 5.2) where w is the width of the Gaussian. The
confining potential extracted from the Gaussian part of P (d⊥) corresponds to
the classical harmonic constraining potential, V (d⊥) ∝ d2⊥ (quadratic in the
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short range perpendicular displacements) represented by the fitted parabola
(red solid line) in the inset of Figure 5.2. The width of the fitted Gaussian (w)
is the tube radius, i.e. the distance beyond which the constraining potential
exceeds kBT . This is another way to extract the tube diameter which is in
agreement to the method introduced in chapter 4, Figure 4.9.
Figure 5.2: The probability distribution of transverse fluctuations for a
polymer chain moving in matrix 2 at a concentration of 5 mg/ml (symbols).
The solid line is a fitted Gaussian with the width w = a/2. The large range
normal fluctuations deviate from the Gaussian and follow an exponential tail.
Inset: the confining potential felt by a single chain (solid line) calculated using
the transverse fluctuations distribution plotted as a function of the distance
normal to the primitive path (symbols, for more detail see text).
From the confining potential V (d⊥), the restoring force F ∝ dV (d⊥)dd⊥ , the
restoring force constant K ∝ dFdd⊥ and the tube diameter a can be obtained.
5.3.2 Polymer dynamics versus polymer concentration
We now present our experimental study of polymer dynamics versus polymer
concentration. In Figure 5.3, we plot the dynamical confining potential V for
three concentrations of matrix 3 (5 (black squares), 6.5 (red circles) and 8 mg/ml
(green triangles)). As a consequence of the higher obstacle density present at
higher concentrations, a faster decay of correlations is observed.
As shown in Figure 5.4, the extracted tube diameter decreases with increasing
polymer concentration with an exponent of −0.6 as predicted by Semenov law
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a ∝ c(−3/5) [16].
To probe the dynamics of the polymer chains versus concentration, we
Figure 5.3: Confining potential for a single chain within matrix 3 calculated
using the transverse fluctuation distributions at concentrations of 5 (black
squares), 6.5 (red circles) and 8 mg/ml (green triangles) plotted as a function
of the distance normal to the primitive path.
Figure 5.4: Logarithmic plot of the tube diameter versus the concentration
of the unlabelled matrix 3. The error bars show the standard deviation for all
experiments that have been carried out for each concentration. The slope of
the solid line is −0.6 i.e. the theoretically predicted Semenov law.
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extracted the disentanglement and Rouse times (see chapter 4, Figures 4.2 and
4.9) for chains of different lengths at the concentrations of 5 (black squares in
Figure 5.5a and b), 6.5 (red circles in Figure 5.5a and b) and 8 mg/ml (green
triangles in Figure 5.5a and b). As predicted by the reptation theory [13,15],
the Rouse time scales with the polymer contour length as τR ∝ L2. The
disentanglement and Rouse time follow the relation τd = 3ZτR , where Z is the
number of entanglements per chain [12]. From Figure 5.5b, in which we plot τd
as a function of τR, we obtained the number of entanglements per chain Z for
three different concentrations.
The effective restoring force constant K was extracted from the confining
potential in Figure 5.2 and plotted as a function of concentration in Figure 5.6a.
We observed different intercepts for the Rouse time versus the chain contour
length at different concentrations, pointing to an increase of τR versus concen-
tration, which is shown for L = 3 µm in Figure 5.6b. In Figure 5.6a,b, we
found an increase of K and τR with increasing concentration. τR increases
by a factor of 2.5 from 5 to 6.5 mg/ml and by a factor of 1.2 from 6.5 to 8
Figure 5.5: (a) Rouse time (τR ) extracted from single molecule data versus
polymer length (logarithmic scale) for concentrations of 5 (black squares), 6.5
(red circles) and 8 mg/ml (green triangles). The solid lines have a slope of 2 as
predicted by reptation theory (τR ∝ L2). (b) Disentanglement time (τd) versus
Rouse time (τR) at the concentrations of 5 (black squares), 6.5 (red circles)
and 8 mg/ml (green triangles). The fitted lines have a slope of 3Z (Z: number
of entanglements per chain).
88
5.3 Results and Discussion
mg/ml (Figure 5.6a). This suggests that in higher concentrations, the Rouse and
reptation time increases much slower. A slow increase of K is also observed in
Figure 5.6a for higher concentrations that complements the behaviour observed
for τR versus concentration. Moreover, we observed 18% increase in Z while the
mesh size decreased by 25%, see Table 5.1.
Figure 5.6: (a) The extracted effective restoring force constant K for three
concentrations (see text). (b) The Rouse time for a specific length (at L = 3
µm) as a function of concentration.
5.3.3 The functional dependence of the tube diameter on the
mesh size and the persistence length
We now probe the functional dependence of the tube diameter a on the mesh size
ξ and the persistence length lp of the unlabelled matrices used in our experiments
in two scenarios.
Tube diameter versus mesh size
We first focus on scenario (1) in which the dependence of a on ξ was studied.
The results obtained are presented in Figure 5.7. We found a scaling law for the
tube diameter and mesh sizes related to different concentrations of matrix 3 as
a ∝ ξ1.15±0.18 for flexible chains.
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Figure 5.7: Logarithmic plot for the tube diameter versus mesh size where
we extract an exponent of 1.15± 0.18.
Tube diameter as a function of polymer persistence length
So far, there is no experimental data that demonstrates the relation between
the tube diameter and the persistence length. Using synthetic polymers in our
study rather than the biopolymers such as actin and DNA enables us to obtain
different persistence lengths for different derivatives of polyisocyanopeptides
which are very similar otherwise. The only restriction is that we require different
derivatives of the synthetic polyisocyanopeptides forming a viscous solution in
the same solvent, tetrachloroethane, creating physical networks of the same
mesh size. This turned out to be quite challenging. We found that only matrix
2 (lp = 129 ± 6 nm) and matrix 3 (lp = 42 ± 5 nm) formed viscous solutions
in tetrachloroethane with similar mesh sizes among all the other derivatives of
polyisocyanide such as triethylene glycol functionalized isocyano-(d)-alanyl-(l)-
alanines (3EG-l,d-PIAA) and tetraethylene glycol functionalized isocyano-(d)-
alanyl-(l)-alanines (4EG-l,d-PIAA). Figure 5.8a shows the confining potential
for these two systems. The tube diameters for these two systems were extracted
accordingly (see Table 5.1). As we can see in the inset of Figure 5.8a, the tube
diameter decreases with increasing persistence length. The extracted exponent
from the line that connects these two points, is −0.24.
Using the same probe in all the above mentioned experiments and observing
different results for different concentrations and various matrices evidences that
the probe chain reports on the potential landscape of the surrounding matrix.
To summarize, we have shown that the tube diameter a depends on both
the persistence length and the mesh size of the polymer matrix. Two power
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laws of a ∝ ξ1.15±0.18≈1.2 and a ∝ l−0.24p were extracted for the tube diameter.
Combining these two relations results in a characteristic relation for a, ξ and lp,
a ∝ ξ1.2l−0.2p which is remarkably similar to the predicted relation for semiflexible
chains [16,17]:
a = bξ6/5l(−1/5)p (5.2)
where b is a constant (b = 0.31 [17] or b = 0.4 [8]). This suggests that Equa-
tion (5.2) is also valid for flexible chains. In order to define the proportionality
constant b for our system, we plotted the tube diameter as a function of ξ1.2l−0.2p
for all the matrices under study shown in Figure 5.8b. We added the extracted
tube diameter for matrix 1 as well. As can be seen in Figure 5.8b, our data
points roughly follow a linear relation that is shown with a linear fit (red solid
line). The coefficient that is needed in order to define the dependence of a on ξ
and lp is determined to b = 0.71±0.35 that resulted in a = (0.71±0.35)ξ1.2l−0.2p .
Figure 5.8: Confining potential and tube diameter versus stiffness. (a)
Confining potential for a single chain in matrix 3 (lp = 129± 6 nm, red circles)
and 2 (lp = 42± 5 nm, black squares) at the concentration of 8 mg/ml plotted
as a function of the distance normal to the primitive path. Inset: tube diameter
versus persistence length that shows an exponent of −0.24. (b) Tube diameter
as a function of ξ6/5l
−(1/5)
p for all matrices listed to obtain b for the flexible
chains.
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5.4 Conclusion
We performed a single molecule study on synthetic polymers in order to
investigate the effect of individual polymer dynamics on the behaviour of
polymeric materials by varying different parameters such as persistence length
and mesh size. Using this experimental approach, we are able to access the
confining potential of the constrained polymer chains versus concentration and
persistence length in an in-depth single molecule optical study. Disentanglement
and Rouse time have been extracted for matrix 3 at different concentrations
and we observed a slow increase with increasing concentrations. The functional
dependence of the tube diameter on the mesh size and the persistence length
is found experimentally for flexible chains and led to the same power law as
theoretically predicted for semiflexible chains.
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Chapter 6
Probing the confining
potential of entangled polymer
solutions as a function of time
Abstract
The concept of the tube model in polymer physics allows to reduce the
complicated many chain problem of an entangled polymer solution
to a single chain picture. Using the confining potential landscape of
the matrix extracted from single molecule measurements data, we
can access detailed information about the probability distribution
function of conformations of the tubes in the time scales longer than
the entanglement time and shorter than the disentanglement time.
In this chapter, we probe the confining potential as a function of time
in order to connect the dynamics of the perpendicular and parallel
displacements of the primitive path. In our experimental approach,
we aim to understand the origin of the change that occurs in the
behaviour of the perpendicular fluctuations as a function of time
which has been proposed by theoretical simulations and observed
experimentally. Having probed the confining potential as a function
of time, we observed a widening in the tube diameter for bigger time
intervals. We think this supports the ‘soft’ picture of the tube, i.e.
the tube width changes in the reptation motion since the surrounding
chains are also mobile.
Part of this chapter is published in:
M. Keshavarz et al., “Probing the confining potential as a function of time in entangled
polymer solutions”, in preparation.
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6.1 Introduction
Polymeric materials can form both chemical (cross linked) and physical (en-
tangled) networks with different elastic properties. The entanglement effect
imposes topological constraints on a molecular scale. As a result, the Brownian
motion is dominated by the restriction that the polymer chains can slide past
but not through each other. Consequently, the motion of each polymer chain
is confined to a tube-like region, a cylindrical cage, around a primitive path
along the coarse-grained chain contour which is the shortest path the chain
can take without violating these constraints [1, 2]. Large-scale motion occurs
via reptation [1], a one-dimensional diffusion of the chain along its tube axis.
Lateral displacements of the chain are confined to the tube diameter. The tube
follows the average path of the test polymer and its profile is often modelled
by a harmonic potential [3]. The tube diameter and the mechanical properties
of the network are related via the confinement energy. One can access these
mechanical properties experimentally using different rheological methods [4,5]
that probe the collective properties of the network on a macroscopic level.
Several theoretical [3, 6, 7] and experimental [8–11] studies were carried out on
very different length scales in order to understand how the behaviour of each
individual chain determines the macroscopic properties of the polymeric material
collectively, which is one of the fundamental questions of polymer physics. In
this chapter, we attempt to answer the following questions:
What is the link between the perpendicular d⊥ and parallel displacements
d‖ of the primitive path and can we probe the potential landscape of the matrix
under study as a function of time?
6.2 Results and discussion
To be able to observe network constituents on a microscopic level, we performed
single molecule experiments on matrix 3. For details about the set-up see
section 3.2.1. Using the analysis procedure described in section 3.2.3 for our
experimental data, we have access to the distributions of monomer displacement
normal to the primitive path, d⊥, with sub-diffraction resolution. The samples
were prepared using the procedure explained in section 3.2.2. The time traces of
the labelled chains show the expected reptation. We analysed the trajectories
well below the disentanglement time with a frame rate of 0.1 s, which is far
above the entanglement time (in the order of ms).
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6.2.1 Relation between parallel and perpendicular displacements
of the primitive path
In the previous chapters we have shown that the characteristic Rouse time, τR,
is the point where the exponent, e, of the mean square parallel displacements,
< d2‖ >, versus lag time changes from e = 1/4 (local reptation) to e = 1/2
Figure 6.1: Parallel and perpendicular displacements of the polymer segments
as a function of time. (a) < d2‖ > as a function of the lag time, τR i.e. the
time where the cross-over from e = 1/4 (local reptation) to e = 1/2 (reptation)
occurs. (b) < d⊥ > as a function of lag time: a change in the exponent from
e = 1/4 to e = 1/2 is observed in the perpendicular displacements that occurs
always around Rouse time, indicated by the dashed line. The horizontal dashed
line indicates the tube radius.
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(reptation). The Rouse time τR was extracted to be τR = 2.5 s as shown in
Figure 6.1a. Moreover, the crossing point that we observed by plotting the
mean value of perpendicular displacements, < d⊥ >, as a function of lag time
was attributed to the tube radius, a/2, see Figure 6.1b in which a/2 = 120 nm.
This kink in Figure 6.1b deserves particular attention since it has been observed
always for t ' τR which is indicated in Figure 6.1 by the vertical dashed line [12]
and shown for simulated data in Ref. [13]. So far, a clear evidence whether
this change in the exponent can be attributed to τR is missing. Unveiling the
origin of this kink and its time scale is crucial since it enables us to connect the
perpendicular fluctuations of the primitive path to its parallel displacements.
In this chapter, we extracted the confining potential for matrix 3 using the
method defined in section 5.3.1, and established experimentally by Bo Wang et
al. [14]. In contrast to the experimental observation in Ref. [14], we have access
to the time-dependence of the confining potential V (d⊥) in our experiments due
to the fact that the synthetic polymers under study are not as long as actin
filaments. This enables us to have access to the full time-range of the reptation
Figure 6.2: Confining potential and force constant versus time. (a) Confining
potential as a function of time for matrix 3 at c=6.5 mg/ml considering different
time intervals (colour codes). The solid lines are the fitted parabola to the
potential: the Gaussian part of the probability distribution. (b) The force
constant K extracted from the fitted parabolas for each time interval. The
time where the behaviour changes (indicated by the dashed line) corresponds
to the Rouse time. The solid lines are linear fits for the illustration of the
change from short to long time intervals.
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motion of the chains, from the Rouse to the disentanglement time since the
time constants in this motion scale with the polymer length, see chapter 2 for
more information. Thus, we can probe the confining potential for several time
intervals.
In Figure 6.2a, we plot the confining potential as a function of the perpendic-
ular displacement for different time intervals of 0−0.5 s, 0−1 s, 0−1.5 s, 0−2.5
s, 0− 5 s, 0− 10 s and 0− 20 s for matrix 3 at the concentration c=6.5 mg/ml.
The confining potential was extracted from the Gaussian part of the probability
distribution of the perpendicular displacements P (d⊥) for each time interval, see
section 5.3.1. The fitted parabolas (solid lines) are representative examples of the
harmonic potential, V (d⊥) ∝ d2⊥. The classical harmonic constraining potential
corresponds to an effective restoring force of F = −dV (d⊥)d(d⊥) that increases linearly
with the normal fluctuations in the small scale displacements (Hook’s law).
The force constant K = − dFd(d⊥) for the small scale normal fluctuations can
Figure 6.3: The chain motion is indicated in the superimposed contours of a
chain moving in matrix 3 at c=6.5 mg/ml. The chain explores several tubes
within its motion indicated by the dash lines and tube numbers in panels
(a), (b), (c) and (d). Each panel shows approximately 70 seconds of polymer
motion. The dash lines are for a guide to the eye (not to scale). The color code
indicates the time.
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be extracted from the fits in Figure 6.2a. In Figure 6.2b we plotted the force
constant as a function of time interval. As can be seen, the force constant
K decreases faster for short time intervals and the slope becomes smaller for
long time intervals (solid lines in Figure 6.2b). Extrapolating the red lines that
represent the slope of both short and long time intervals, leads to an intersection
at t = 2.5 s which is close to the Rouse time (τR=2.5 s) for this chain, see
Figure 6.1a. This change in the force constant for t > τR indicates that we are
already in the reptation regime, i.e. the tube is being destroyed while a new
one is forming. The first fast decrease in K however can be an indication for
the ‘soft’ tube, suggesting that the tube width is dynamic and changes with
time. This change continues until the Rouse time is reached and after that, the
concept of the tube is vanishing since we are approaching the disentanglement
time and a completely new tube is formed. Evidence for the dynamic tube
model can be seen in Figure 6.2a since the confining potential as a function of
time becomes weaker for larger time intervals. The widening of the parabolas
points to a weaker confinement when approaching the tube renewal time which
defines the link between the parallel and perpendicular displacements of the
primitive path.
The same behaviour, as discussed above, has been observed for all the
movies made from the motion of the labelled chain 4 in matrix 3 at different
concentrations (c=6.5 mg/ml and c=8 mg/ml). In the following, we present
Figure 6.4: (a) K extracted for tubes of movie # 1 at c=6.5 mg/ml. The
force constant is calculated and plotted for each tube as a function of time
intervals.
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representative examples which show that the chain motion explores several
Figure 6.5: (a,b,c) Polymer motion indicated in the superimposed contours
of a chain moving in matrix 3 at c=8 mg/ml. The chain explores several tubes
within its motion indicated by the dash lines # 1, # 2 and # 3. Each panel
shows approximately 60 seconds of polymer motion. The dash lines are a guide
to the eye (not to scale). The color code indicates the time. (d) K is extracted
for movie # 2 in which the chain explores different tubes during measurement
time. Perpendicular (e) and parallel (f) displacements of the polymer segments
as a function of time where the tube diameter and the Rouse time are extracted
to a/2 = 100 nm and τR = 1.7 s.
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entirely different tubes (up to four) in a movie. In Figure 6.3, we illustrate the
chain motion via the superimposed contours of a chain moving in matrix 3 at
c=6.5 mg/ml where the chain explores several tubes during our measurement
time indicated by the dash lines. The panels a-d in Figure 6.3 show approximately
70 seconds of the polymer motion (movie # 1). In each part of Figure 6.3, the
corresponding tube is indicated by dashed lines: in panel a tube # 1, in panel b
tube # 2, in panel c tube # 3, and tube # 4 in panel d. Tube #1 in Figure 6.3a
of movie #1 is the tube that has been used to highlight and introduce the
relation between the parallel and perpendicular displacements (Figure 6.1) and
to extract the force constant as a function of time for the confining potential
(Figure 6.2). Each tube in Figure 6.3 was analysed separately for different time
intervals and the force constant was calculated. The result is illustrated in
Figure 6.4 for all tubes of movie #1. We expect a Rouse time of τR = 2.5 s for
all tubes. The second example which shows the motion of a labelled chain of
matrix 4 in matrix 3 at c=8 mg/ml, is illustrated in Figure 6.5. In a, b and c, we
show the superimposed contours of a chain moving in matrix 3 which all belong
to movie # 2. The motion is illustrated in three panels each corresponding to
one tube labelled with the # 1 # 2 and # 3 to have a more clear picture of the
separate tubes the chain travels through. The tubes are indicated by the dashed
lines. Using the same procedure as described above, we calculated the force
constant for different time intervals for each tube and the result is illustrated in
Figure 6.5d. In Figure 6.5e and f, we extracted the averaged tube diameter of
a/2 = 100 nm and the Rouse time τR = 1.7 s for this movie. The change in K
occurs around the Rouse time for this movie as well.
6.2.2 Relation between force constant and probe chain contour
length
Having shown that the tube is dynamic, it is interesting to address the question
whether the force constant, i.e. the confining potential depends on the contour
length of the probe chain. Therefore, we have performed experiments on matrix
3 at c=8 mg/ml for probe chains with different contour lengths. Our results are
illustrated in Figure 6.6a and we did not observe any dependence between the
force constant and the contour length of the probe chain which is expected. In
Figure 6.6b, we plotted the tube diameter as a function of the probe contour
length. As was shown also in chapter 4, the tube diameter is indeed independent
of the probe chain contour length which we observed here for a different matrix.
As can be seen in Figure 6.6, a large tube diameter a corresponds to a smaller
force constant K which is expected because of a weaker confining potential.
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Figure 6.6: (a) Force constant and (b) tube diameter do not show any
particular dependency on the probe chain contour length L.
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6.3 Conclusion
In conclusion, using our analysis method, we could extract the ensemble-averaged
confining potential of the matrix under study for different time intervals and
therefore, investigate the time-scales of the perpendicular displacements. By
studying the confining potential as a function of time, we found a link between
the parallel and perpendicular displacements of the primitive path: the confining
potential becomes weaker as we approach the disentanglement time. The
decrease of the confining potential for larger time intervals, results in changes in
the tube width confirming the ‘soft’ picture of the tube.
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Chapter 7
Towards manipulating
polymer dynamics in high
magnetic fields
Abstract
In this chapter, we aim to investigate the effect of extrinsic forces
such as a static high magnetic field on the polymer dynamics by
performing experiments in which the polymer matrix is aligned. In
this experimental approach, we are interested in manipulating the
morphology of the tubes by high magnetic fields. This experiment
is challenging due to the appropriate choice of the matrix. Here, we
present the theoretical and experimental results on the alignment of
different matrices used in this study.
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7.1 Introduction
In this chapter, we take a step further: manipulating the morphology of the
tubes by applying external forces such as high magnetic fields and study the
reptation motion in aligned matrices. The electric field induced alignment in
polymeric systems such as carbon nano-tubes or Polyethylene glycol (PEO)
nano-fibres [1, 2] has been studied extensively. High magnetic fields are another
way of inducing order in the nonmagnetic (i.e. diamagnetic) polymeric materials.
A magnetic field can be applied to the bulk, is contact free and non-destructive,
and homogeneously passes through the sample and therefore, can be used for
producing not only highly ordered thin films but also bulk samples with a
high degree of alignment. It should be noted that since the orientation of the
material in high magnetic fields originates from the anisotropy of the diamagnetic
susceptibility (a purely molecular property), it allows us to have access to the
internal structure of the molecular assemblies. Examples of alignment of such
systems are polymer liquid crystals, (supramolecular) polymers, polymers based
on peptide nanofibres, molecular gels and polymersomes [3–8].
Figure 7.1: Tuning the morphology of the polymer matrix with strong
magnetic fields. (a) Polymer chains are entangled (randomly oriented) when
there is no alignment. (b) Polymer chains aligned parallel to ~B in the presence
of a vertical magnetic field. (c) The alignment of polymers perpendicular to ~B
in the presence of a vertical magnetic field which shows each chain is confined
between two walls (layers) of perpendicularly aligned polymers.
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Here, we aim to employ magnetic alignment to manipulate the polymer ma-
trix and thereby the morphology of the tube that is imposed by the surrounding
chains to the test chain in an entangled solution of polymers. The basic idea of
inducing molecular alignment by the magnetic field is schematically shown in
Figure 7.1. A randomly oriented matrix of entangled polymers is presented in
Figure 7.1a. In the case of parallel alignment (Figure 7.1b), it is interesting to
investigate whether the entanglement is still relevant for the confined motion
since we expect that most of the entanglements disappear if the matrix is fully
aligned. In the case of perpendicular alignment (Figure 7.1c), we anticipate
that the polymer now is no longer constrained by a 1D tube but rather by
a 2D slit [9–13], i.e. a 2D random walk instead of a 1D random walk. The
investigation of polymer dynamics using magnetic orientation provides therefore
a unique possibility to measure the effect of dimensionality while leaving all
other parameters unaltered.
7.2 Theory of magnetic alignment
Magnetic alignment is possible due to the anisotropy of the magnetic suscepti-
bility of the material. Depending on this anisotropy, a polymer tends to align
parallel or perpendicular to the field direction.
When a diamagnetic molecule is subjected to a magnetic field ~B, the orbital
motion of the electrons is influenced and results in an induced magnetic moment
~m:
~m =
1
µ0Na
χ˜ · ~B, (7.1)
where µ0 is the permeability of free space, Na is Avogadro’s number and χ˜ is
the molar magnetic susceptibility tensor defined as
χ˜ =
χx′x′ 0 00 χy′y′ 0
0 0 χz′z′
 , (7.2)
with x′, y′ and z′ the principle axes of the molecule. Therefore, each molecule
acquires an extra energy E in a magnetic field given by
E = −
∫ B
0
~m · d ~B. (7.3)
For almost all molecules, χ˜ is an identification of the anisotropy and ∆χ˜ = χ˜‖−
χ˜⊥ is the difference between magnetic susceptibility parallel and perpendicular
to the molecular axis of the anisotropic molecule under study. Depending
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on ∆χ being positive or negative, this anisotropy generates an orientational
dependent energy, which forces the molecule to align with its molecular axis
parallel or perpendicular to the magnetic field such that the magnetic energy is
minimized [14].
Knowing ~m, one can calculate the acquired energy per molecule in an external
magnetic field. Since ~m is proportional to the magnetic susceptibility of the
molecule χ, as a first step, one should calculate the susceptibility of the molecules
under study. For instance, the diamagnetic susceptibility of an organic molecule
is given by the sum of all contributions of the different chemical groups [15].
The susceptibility of most of the chemical groups is known and can be found in
Ref. [15]. The diamagnetic susceptibility of the molecules in nature is not large
enough that the magnetic energy, with the static magnetic fields available in
the world, is larger than the thermal energy kBT where kB is the Boltzmann
constant and T temperature. Therefore, it is not possible to align a single
molecule. If we have an array of N molecules however, the total susceptibility of
the array will be N∆χ. Thus, the magnetic energy will be N times larger and it
is possible to align arrays of molecules, such as aggregates and macromolecules.
The optical properties of a given material are isotropic in the absence of
macroscopic order and are described by the scalar refractive index n = η + iκ,
where η is the real and κ the imaginary part [16]. The magnetic orientation
however, leads to a difference in the index of refraction of the solution parallel
and perpendicular to the magnetic field which results in a magnetic field induced
birefringence ∆n that is calculated for the aggregates or macromolecules of
different shapes [3]. In the low-field approximation, the simplified birefringence
for cylinder-symmetric aggregates is given by [3]
∆n ≈ n1Npcm(T )NB
2∆α∆χ
30µ0NakBT
(7.4)
where ∆α is the difference in polarizability along the principal axis of the
aggregate and perpendicular to it. Npcm is equal to the concentration when all
the molecules are involved in the aggregate. n1 is the refractive index of the
solution and N is the number of molecules per unit volume.
7.3 Experimental technique
Magnetic field induced alignment of molecules can be probed by measuring the
difference of the refractive index for light polarized parallel and perpendicu-
larly with respect to the magnetic field direction using a birefringence set-up
(Figure 7.2). With this set-up, we are able to probe birefringence and intensity
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within an area of the size of the laser spot during the entire experiment. The
sample (a cuvette containing the polymer solution) is placed between crossed
polarisers set at ±45° with respect to the magnetic field direction. A stabilized
He-Ne laser (Melles Griot, 1 mW, λ = 632.8 nm) light that is polarization-
modulated with a photo-elastic modulator (PEM, PEM-90 Hinds Instruments)
at a frequency of f = Ω/2pi = 50 kHz and a maximum retardation of A0 = 0.383
waves, passes through the sample. The transmitted light is collected through an
optical fibre (Thorlabs, multimode fibre) to a photodetector (Thorlabs, PDA55).
The intensity received by the detector is [17]:
Figure 7.2: Linear birefringence experimental set-up. The laser light passes
through a +45° polariser and a PEM, and is led to the sample by the mirrors.
The transmitted light that is passed through a −45° polariser is collected
through an optical fibre that is connected to a photodetector.
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I(t) ∝ 1− cos(δ) cos(A0 cos(Ωt)) + sin(δ) sin(A0 cos(Ωt)). (7.5)
A Fourier series expansion results in three terms: a DC-term (1) and a first (2)
and second (3) harmonic term:
I(t) ∝ 1− cos(δ)J0(A0)︸ ︷︷ ︸
1
+ 2 sin(δ)J1(A0) cos(Ωt)︸ ︷︷ ︸
2
+ 2 cos(δ)J2(A0) cos(2Ωt)︸ ︷︷ ︸
3
+...
(7.6)
where Jn are Bessel functions of order n and the retardation of the PEM is
chosen such that J0(A0) = 0 which makes the DC-term independent of the
retardation signal δ. One can obtain the retardation by dividing the amplitude
of the second harmonic by the first harmonic. With this set-up, we measure the
retardation that is related to the birefringence ∆n as
δ =
2pid∆n
λ
(7.7)
in which d is the optical thickness of the cuvette and λ is the wavelength of the
laser light. The birefringence that is obtained via this set-up has an experimental
resolution of ∆n ≈ 10−7 where the noise originates from the mirrors and the
windows. The sign of ∆n contains information about the molecular orientation
in the magnetic field. Moreover, we measured the DC part of the signal using a
volt-meter (K199-Keithley) that can be used to monitor the transmission level
of light through the sample.
7.4 Materials
Among all the matrices we have investigated throughout this work, matrix 4
and poly(isocyano-l-alanine OPV) (l-PIAOPV) (Figure 7.3, 5) are expected to
Figure 7.3: Chemical structure of l-PIAOPV 5.
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exhibit a large anisotropy due to their molecular structure that has more benzene
rings which results in a higher anisotropy compared to the other matrices. Matrix
5 is basically matrix 1 that is labelled with OPV.
The polymers were dissolved in toluene at a concentration of 1.4 × 10−4
mole/litre.
7.5 Experimental results and discussion
In this section, we present our experimental results on the degree of alignment
of matrices 4 and 5 using a birefringence set-up in a high magnetic field.
In Figure 7.4, we plot the results of the birefringence ∆n as a function of
magnetic field for toluene, matrix 4 and matrix 5. In all experiments, we used
toluene as a solvent. For all samples we measure a similar signal characterized
by a square dependence of ∆n with increasing B. Since no difference between
the polymer solutions and toluene (background) is observed, it seems that we
cannot align these matrices within the magnetic field available. In order to find
out the reason why these giant molecules with such high anisotropy cannot be
aligned with the magnetic field applied, we performed theoretical calculations of
their susceptibility ∆χ and polarizability ∆α that will be presented in section
7.6. Since these two matrices did not show any ordering in high magnetic fields,
they are not suitable as a magnetically aligned gel for our reptation studies.
Figure 7.4: Birefringence as a function of magnetic field for toluene as the
solvent, matrix 4 and 5 at a constant temperature of 23°C.
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7.6 Theoretical calculations
Here, we present our theoretical calculations on the predicted degree of alignment
for matrix 4 and 5. The results of this section should guide us to the possible
reason why these two matrices cannot be aligned in high magnetic fields available
Figure 7.5: (a) Schematic representation of the polymers in solution. We
treat the polymers as aggregates with monomers as the molecules building
the aggregates in a herringbone shape with four branches. (x, y, z) is the
lab frame of axes, (x′, y′, z′) is the frame of axis for the molecule (monomer)
and (x′′, y′′, z′′) represents the aggregate (polymer) axes. (b) A sketch of the
herringbone shape with four branches and a top view of e.g. polymer 4. (c,d)
The coordinates of each monomer according to the polymer coordinates in two
different positions of a herringbone. η is the angle between the monomers and
the backbone of the polymer.
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at HFML.
In order to calculate the birefringence of matrix 4 and 5, we have made the
following assumptions (Figure 7.5a):
 Polymers are considered as aggregates with cylindrical-symmetry.
 The building blocks of the aggregates are the monomers. Thus, the
monomers are molecules that form the aggregates.
 The bond length of the monomer-monomer junction is assumed to be
1 A˚ and N is the number of monomers.
 The aggregate is a herringbone with four branches (4 monomers) since
these polymers have a rigid helical backbone with approximately four
repeat units per helical turn.
 The angle between each branch (monomer) to the principal axis of the
aggregate (backbone of the polymer chain) is η.
In Figure 7.5a, (x, y, z) is the frame of reference of the lab, (x′, y′, z′) is the
frame of reference of the monomer and (x′′, y′′, z′′) is the frame of reference of
the polymer. Figure 7.5b shows an example of how a herringbone is related to,
for instance, matrix 4. We calculated ∆χ for each monomer. Then, in order
to calculate the aggregate magnetic susceptibility, we summed the ∆χ of the
monomers in the frame of the polymer concerning their angle with the principal
axis of the polymer, e.g. two different positions in a herringbone are sketched
in Figure 7.5c.
The resulted ∆χ for the polymer isχx′′x′′χy′′y′′
χz′′z′′
 =
 −χy′y′ sin2(η)− χy′y′ cos2(η)2χx′x′ − χz′z′ sin2(η)− χy′y′ cos2(η)
4χz′z′ cos
2(η)− χz′z′ sin2(η)− χy′y′ sin2(η)
 (7.8)
where χx′x′ , χy′y′ and χz′z′ are calculated for matrix 4 toχx′x′χy′y′
χz′z′
 =
−135× 10−12−122× 10−12
−366× 10−12
 (7.9)
and for matrix 5 to χx′x′χy′y′
χz′z′
 =
−1425× 10−12−1425× 10−12
−2532× 10−12
 (7.10)
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in m3/mole using Ref. [15]. The polarizability of the molecules was calculated
for matrix 4 to αx′x′αy′y′
αz′z′
 =
6464
14
 (7.11)
and for matrix 5 to αx′x′αy′y′
αz′z′
 =
1182751
452
 (7.12)
in Atomic Units, using software (ChemBioDraw Ultra 12.0) where we applied
the Hartree-Fock method after minimizing the energy. The total polarizability
of the polymer follows the same formula as the total susceptibility, see Equation
(7.8).
Using the polarizability and susceptibility that we have obtained for matrix
4 and 5, the magnetic field induced birefringence was calculated and plotted in
Figure 7.6a and b, respectively, as a function of magnetic field and for different
angles of η from 10-90° in steps of 10°. As seen in Figure 7.6a, the calculated
birefringence for matrix 4 for different angles is far below the resolution of
the experimental set-up (10−7) and explains the absence of alignment for the
experimental results on this matrix. The averaged length for polymers in matrix
4 is assumed to be 5 µm in the theoretical calculations that is close to the real
Figure 7.6: Calculated birefringence as a function of magnetic field for
different angles (η in the inset of (a)) for matrix 4 (a) and matrix 5 (b).
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length of the polymers. In Figure 7.6b however, the theoretical data shows a
higher degree of alignment compared to the matrix 4 as expected since matrix
5 has a higher anisotropy. Having carefully looked at the data, we must have
seen alignment for matrix 5 for all the ηs except for η between 50-60° at 20 T.
Comparing the experimental and theoretical results suggests that η should be
around 50-60°. The average length of the polymers in matrix 5 is assumed to
be 500 nm. This length could not be larger than 500 nm because the larger
chains broke into smaller ones in the polymerization process. The theoretical
calculations corresponds to the experimental conditions of T = 293 K assuming
a concentration of 1.4× 10−4.
Finally, as an example, suppose we can have 1 µm averaged chain length for
polymers in matrix 5 and the angle could be fixed at zero (maximum anisotropy),
the obtained birefringence calculated for such a chain, as illustrated in Figure 7.7,
shows full alignment at the magnetic field strength of 100 T!
As an alternative matrix, we have studied a natural polymer, collagen, with
a concentration of 3 mg/ml in high magnetic fields. The results are shown in
Appendix A.
Figure 7.7: Calculated birefringence for matrix 5 with an ideal length of
1 µm and for η = 0 (the configuration with the highest anisotropy).
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7.7 Conclusion
To conclude, we have discussed the idea to investigate the confined motion of
polymers in a matrix that is aligned in a high static magnetic field. We have
measured the birefringence induced by a magnetic field for different matrices.
No alignment was observed for the synthetic polymers. We further investigated
the reason why the synthetic matrices did not show any sign of alignment. In
theoretical calculations of the birefringence for different angles between the
branches and the backbone of the polymer η, we have shown that for matrix 4
the expected birefringence signal is two orders of magnitude below the resolution
of our set-up. The birefringence for matrix 5 however, was in general higher than
matrix 4 and within the range of our resolution limit for all the angles except
η = 50− 60° which suggests that not only the polymer length and concentration
are important for the alignment but also the angle between the branches and
the backbone of the polymer plays a role.
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Appendix A
Magnetic alignment of
collagen as a natural polymer
matrix
A.1 Collagen
As an alternative, we planned to use collagen as the unlabelled matrix since it
has already been aligned in magnetic fields (< 6 T) [1, 2]. Collagen is a natural
fibrous protein that can be found in all the connective tissues in our bodies
such as skin, bones etc. providing structural support for our body. There are
six types of collagen and collagen type I is the most abundant (more than
Figure A.1: Schematic representation of collagen fibres and its hierarchical
structure.
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90% of all fibrous proteins) [3]. The chemical structure of collagen consists of
three polypeptides (collagen microfibril in Figure A.1). Each polypeptide is a
linear array of α-amino acids consisting of repeating units of Glycine-X-Y where
X is usually proline and Y hydroxyl-proline, super-coiled around a common
axis to form a triple helix [4]. The triple helices are formed by either homo- or
heterotrimers depending on the collagen type. The fibril-forming collagen has
a very organized structure with many hierarchical levels (Figure A.1) starting
from the smallest that is a collagen microfibril, to collagen triple helices, collagen
fibrils and collagen fibres. For our study, we used collagen type I that was
bought from Sigma-Aldrich in a solution form and at a concentration of 3 mg/ml
(Collagen solution 3 mg/ml, ultrapure bovine). Collagen type I is a heterotrimer
composed of two α1 chains and one α2 chain that form a helix at 37°C and at
neutral pH [5].
We prepared a 3-D gel of collagen type I, using the following steps for our
experiments:
 Mixing the collagen solution with 10× PBS buffer (Phosphate-buffered
saline) at a ratio of 8 to 1.
 Adjusting the pH of the mixture to 7.2-7.6 using 0.1 M NaOH.
 The gelation starts at 37°C. The full gelation procedure usually takes
1 hour.
One can preserve the gel by keeping the temperature constant at 37°C. This
gelation process is reversible and the disassembly of the collagen fibres can be
achieved by decreasing the temperature to 5°C.
A.2 Birefringence results on collagen
In this section, we present our experimental results on the degree of alignment
of collagen using a birefringence set-up in a high magnetic field.
The prepared 3-D gels of collagen were placed in a static magnetic field
at a controlled temperature. We first decrease the temperature in order to
disassemble the collagen fibres. We then increase the magnetic field to the
desired field (5, 10, 15 and 20 in our experiments) and raise the temperature to
37°C at a constant magnetic field. We always started at a temperature of 5°C
before increasing the temperature up to 37°C. The time traces of the transmitted
intensity through the sample as well as the temperature for different fields of 0,
5, 10, 15 and 20 T is shown in Figure A.2. When we decrease the temperature,
the intensity decreases due to scattering. By increasing the temperature up
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to 37°C, the intensity strongly increases because the fibrils are dissolved and
the solution is clear. The intensity remains constant until the collagen fibres
are formed at a constant temperature of 37°C. Then, the intensity decreases as
a function of time because of the scattering of light by the huge fibres being
formed. At some point, depending on the strength of the magnetic field, when
the gel is in the equilibrium state, the intensity saturates at a field-dependent
value as a function of time.
In Figure A.3a, the heat-induced self-assembly of collagen fibres in a constant
magnetic field is illustrated. While increasing the temperature up to 37°C, we
do not see any change in the birefringence as long as the fibres are not formed.
When the temperature is stabilized at 37°C and the collagen fibres are formed
(approximately 1 hour), the birefringence signal starts to increase, i.e. the
alignment of the fibres with respect to the magnetic field starts. When the
solution reaches its equilibrium state the birefringence saturates.
In order to see at which magnetic field the maximum alignment of the fibres
is reached, we plot the maximum birefringence achieved for each field strength
from Figure A.3a. It can be clearly seen that the full alignment is not yet reached
since the birefringence does not saturate with increasing magnetic field. From
the alignment point of view this matrix is perfect, however, since the mesh size
Figure A.2: Time traces of the temperature T and intensity for collagen
subjected to magnetic fields of different strengths.
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of collagen gel at the concentration of 3 mg/ml is in the order of 10 µm [6], the
labelled polymers would diffuse through the matrix without showing reptation.
The collagen concentration cannot be increased due to its solubility in water.
Therefore, this matrix was not appropriate for reptation studies in high magnetic
fields.
Figure A.3: (a) Magnetically induced birefringence as the collagen fibres
self-assemble at 37°C in a constant magnetic field of 5, 10, 15 and 20 T as
indicated. (b) ∆nmax as a function of field extracted from the top panel for
collagen.
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Summary and outlook
The thermal motion of polymer chains in a crowded environment is anisotropic
and highly confined. Even though considerable theoretical and experimental
progress has been made, only indirect evidence of polymer dynamics is obtained
from either scattering or mechanical responses. Towards a complete understand-
ing of the complicated polymer dynamics in crowded media such as biological
cells, it is of great importance to unravel the role of heterogeneity and molecular
individualism.
This thesis is devoted to the nano-scale study of polymer dynamics and the
tube-like motion of individual chains using time-resolved fluorescence microscopy.
A single fluorescently labelled polymer is observed in a sea of unlabelled polymers,
giving access to not only the dynamics of the probe chain itself but also to that
of the surrounding network. The experimental results obtained are real time
movies that show a constrained motion for the polymers where they cannot make
transverse movements, and relax only along their principle molecular axis in a
snake-like fashion (reptation). This motion has been defined in the framework
of the tube model by De Gennes-Doi-Edwards reptation theory. This theory
simplifies the many-chain problem to a one chain problem by considering the
effect of the surrounding chains as a tube in which the test chain moves.
Our data analysis is based on using an in-house written image processing
program, which allows us to extract the polymer coordinates as a function of
time with a subdiffraction resolution. The analysis of these trajectories produces
a wealth of information, which can be used to study the polymer motion as a
function of the properties of the reptating polymer and the characteristics of
the surrounding matrix, which is only possible in a single molecule experiment.
We make use of a unique, fluorescently-labelled, synthetic polymer that is
sufficiently long (µm) to be followed during its motion through concentrated
solutions of nearly identical but unlabelled polymers.
Using these extremely stiff synthetic polymers in combination with our novel
analysis method allows us
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 to determine all relevant parameters of polymer reptation at the molecular
level in one experiment, such as tube diameter, persistence length, contour
length as well as the dynamical properties such as center of mass motion
of a polymer chain and its end-to-end distance, entanglement, Rouse- and
disentanglement time (chapters 3 and 4),
 to track the mean square parallel (parallel to the tube) displacements of
the chain segments and observe for the first time, the two regimes of local
reptation where the chain is entrapped in a tube and moves back and
forth, and reptation in which the chain starts moving out of its original
tube, and extract the Rouse time that is the crossing point between these
two regimes (chapter 4),
 to directly observe the reptation for a concentrated polymer matrix and
the diffusive motion for a slightly lower concentration matrix of polymers
(chapter 4),
 to have access to the potential landscape of the matrix (the confining
potential) and show that it follows the profile of a harmonic potential
(chapter 5),
 to independently determine the effect of the polymer persistence length lp
and mesh size ξ on the tube diameter a, which resulted in a characteristic
relation for flexible chains, a = (0.7± 0.35)l−0.2p ξ1.2 (chapter 5),
 to study the time-dependence of the confining potential for different matri-
ces, which shows a weaker potential for larger time intervals explaining the
link between the perpendicular and parallel displacements of the primitive
path and evidence for the ‘soft’ picture of the tube (chapter 6), and
 to investigate polymer reptation within tubes of different morphology by
performing experiments in which the polymer matrix is aligned in a high
magnetic field (chapter 7). After investigating the available matrices, we
could not find an appropriate matrix that can be aligned in the high
magnetic fields available at HFML.
This thesis provides a detailed understanding of the phenomenological
reptation model of polymer dynamics at a single chain level that can be used to
define a link between the microscopic and macroscopic properties of polymeric
materials. In contrast to the natural polymers such as DNA and actin, the
advantage of using synthetic polymers in this study provided a unique platform
to unravel polymer motion on miscellaneous scales.
As proposed, a very interesting future project is to apply a high magnetic
field to the matrices that are available and appropriate for reptation studies to
induce alignment in order to investigate the effect of dimensionality on polymer
dynamics. One of the most promising candidates for these experiments is the
biopolymer DNA since it is transparent, can be easily labelled, has a persistence
length in the order of the synthetic polymers we used in our study, and more
importantly, can be aligned in high magnetic fields.
As a next step, one can study the effect of chirality on polymer dynamics
i.e. using a right handed and left handed chiral probe in a matrix and compare
the information obtained.
Based on the investigations that have been carried out, we have the oppor-
tunity to also vary the persistence length of the probe chain and verify the
response of different probe chains in the same environment. This enables one
to define a critical ratio between the persistence length of the probe and the
matrix beyond which the information (e.g. smaller perpendicular fluctuations)
is lost since the persistence length of the probe is much larger than the lp of the
matrix.
The approach outlined in this work paves the way for a better understanding
of the role of single chain dynamics in relatively poorly understood phenomena,
such as gelation or polymer crystallization. Interestingly, the results obtained
at the nanoscale are in complete agreement with bulk rheology measurements.
Therefore, this local probe technique allows the extraction of the same parameters
in highly heterogeneous samples that are inaccessible for bulk techniques, in
particular, for crowded cytoskeletons in the cell as a function of the stage of the
cell cycle and the response to stress.
Using cutting edge single molecule fluorescence studies in high magnetic
fields and stiff polymers, the study of single molecule motion in materials and
gels will give numerous insights not only into polymeric material properties
but also has applications in fields such as polymer therapeutics, for instance,
reptation in living systems.
Risk Analysis and Technology Assessment The focus of the research
described in this thesis is to study the entanglement effect on polymer dynamics
at the nano scale. This research was part of the Nano Materials program within
the NanoNextNL-consortium. The Nano Materials program aims to build new
materials starting from particles, molecules and atoms which leads to many
options for innovative products. NanoNextNL makes a link between academia
and industrial research in order to develop nanotechnology-based innovative
solutions for the benefit of the society. Society expects the scientists to evaluate
and judge the consequences of current research developments. Therefore, the
researchers within the NanoNext program are responsible to identify and address
potential risks which their research involving nanotechnology may cause.
Our research in this thesis aims to find a link between the micro and macro
world in polymeric materials and defines how Nano-scale properties relate to the
bulk. The results can be used to design new materials starting from Nano-scale
particles. So far, we do not anticipate any potential risk that this project may
cause although it is difficult to predict the impact and potential hazards of the
technologies arising from the Nano-world until it is widely used.
Samenvatting
De thermische beweging van opeengepakte polymeerketens in een gel of smelt is
anisotroop en zeer gehinderd. Hoewel er aanzienlijke theoretische en experimen-
tele vooruitgang is geboekt, is er alleen indirecte informatie over de dynamica
van polymeren beschikbaar. Deze informatie is veelal verkregen door middel
van bulktechnieken zoals lichtverstrooiing en reologie. Voor een volledig begrip
van de ingewikkelde dynamica van polymeren in dicht bezette ruimtes zoals
biologische cellen, is het van groot belang de rol van heterogeniteit en moleculair
individualisme te ontrafelen.
Dit proefschrift is gewijd aan de bestudering van de beweging van individuele
ketens met behulp van tijdopgeloste fluorescentiemicroscopie. Een fluorescent
gelabeld polymeer (de sonde) wordt bekeken in een zee van ongelabelde po-
lymeren. Het blijkt dat dit niet alleen toegang geeft tot de beweging van de
sonde zelf, maar ook tot die van het omringende netwerk. De verkregen filmpjes
laten een gehinderde beweging zien van de polymeren. Vanwege het omringende
netwerk kunnen de polymeerketens namelijk alleen in hun lengterichting bewegen,
vergelijkbaar met de beweging van een slang in het struikgewas. Deze beweging
wordt om die reden ook wel “reptatie” genoemd. In het model van De Gennes,
Doi en Edwards wordt deze beweging voorgesteld alsof die plaatsvindt in een
buis die gedefinieerd wordt door het omringende polymeernetwerk. Hiermee
wordt het veel-ketenprobleem in feite vereenvoudigd tot een e´e´n-keten probleem.
Om de beweging van de polymeren te kunnen filmen met een lichtmicroscoop
maken we gebruik van een uniek synthetisch polymeer, polyisocyanide, dat grote
rigiditeit en lengte (micrometers) heeft. Bovendien kan dit polymeer tamelijk
eenvoudig gefunctionaliseerd worden, enerzijds om de stijfheid (persistente lengte)
te kunnen varie¨ren en anderzijds om fluorescente labels te kunnen aanbrengen.
Dit maakt het mogelijk om e´e´n enkel polymeer te bestuderen in een matrix van
nagenoeg identieke polymeren. De filmpjes werden geanalyseerd met behulp
van zelfgeschreven beeldverwerkingsprogramma, waardoor de coo¨rdinaten van
het sonde-polymeer als functie van de tijd konden worden gee¨xtraheerd uit de
filmpjes met subdiffractie resolutie. De analyse van de op die manier verkregen
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trajecten leverde een schat aan informatie op, die vervolgens werd gebruikt
om allerlei statistiek te kunnen toepassen en de polymeerbewegingbeweging als
functie van de eigenschappen van de het gelabelde polymeer zelf en die van de
omringende matrix te bestuderen.
De beweging van een verstrengeld polymeer is onder te verdelen in vier
tijdschalen. Op zeer korte tijden (t < τe; τe is de verstrengeltijd) voelt het
polymeer de obstakels nog niet. Voor τe < t < τR (τR is de Rouse-tijd) geldt dat
het polymeer hinder ondervindt van het omringende netwerk, en voornamelijk
in de lengterichting beweegt over maximaal zijn eigen lengte; dit regime wordt
“lokale reptatie” genoemd. Voor τR < t < τd (τd is de ontwarringstijd) is de
beweging nog steeds zijwaarts gehinderd, maar vindt plaats over afstanden groter
dan de polymeerlengte zelf, en dus telkens in andere virtuele buizen; dit gebied
staat bekend als “reptatie”. Voor tijden nog langer dan τd is de beweging niet
meer te onderscheiden van normale diffusie. In elk regime is de verplaatsing te
beschrijven als een machtsfunctie van de tijd; echter de karakteristiek exponent
is steeds verschillend.
De combinatie van de zeer stijve polymeren en de nieuwe analysemethode
stelt ons in staat om
 alle belangrijke parameters van reptatie te bepalen op moleculair niveau
in e´e´n enkel experiment, zoals de buisdiameter, persistentielengte, con-
tourlengte, maar ook dynamische eigenschappen zoals de beweging van
het zwaartepunt van een polymeerketen en de variatie van de kop-staart
afstand, de mate van verstrengeling, en karakteristieke tijden zoals de
Rouse-tijd en de ontwarringstijd (hoofdstuk 3 en 4);
 de kwadratisch gemiddelde verplaatsing in de lengterichting te bepalen
als functie van de tijd, waarmee vervolgens ook reptatie en lokale reptatie
kunnen worden waargenomen. De Rouse-tijd kan zo bepaald worden als
het moment waarop het ene regime overgaat in het andere (hoofdstuk 4);
 de reptatie rechtstreeks waar te nemen aan een geconcentreerde matrix,
en difussie in een minder geconcentreerde matrix (Hoofdstuk 4);
 het potentie¨le-energielandschap te achterhalen en te laten zien dat deze
de potentiaal van een harmonische oscillator volgt (hoofdstuk 5);
 onafhankelijk het effect op de buisdiameter a van de persistente lengte en
dat van de maasgrootte ξ te bepalen, hetgeen leidt tot de karakteristieke
relatie voor flexibele ketens, a = (0.7± 0.35)l−0.2p ξ1.2 (hoofdstuk 5);
 de tijdsafhankelijkheid van de opsluitpotentiaal te bestuderen voor ver-
schillende matrices. De veerconstante wordt kleiner voor langere tijden,
wat een indicatie is dat de beweeglijkheid van de matrix zelf niet volledig
buiten beschouwing gelaten kan worden (hoofdstuk 6);
 de reptatie bestuderen in virtuele buizen waarvan de vorm veranderd is als
gevolg van uitlijning met behulp van hoge magneetvelden. Helaas is het
niet gelukt om hiervoor een geschikt polymeer te vinden dat ook oplosbaar
is in hetzelfde organische oplosmiddel als het sonde-polymeer.
Dit proefschrift geeft gedetailleerd inzicht in het fenomenologische reptatie-
model beschouwd op het niveau van een enkele keten, dat kan worden gebruikt
om de link te leggen tussen de microscopische en macroscopische eigenschappen
van polymere materialen. In tegenstelling tot natuurlijke polymeren zoals DNA
en actine, waaraan maar weinig gevarieerd kan worden, bieden de synthetische
polymeren in deze studie een uniek platform om de beweging van polymeren op
verschillende lengteschalen te ontrafelen.
Het blijft een interessant idee om magnetische uitlijning toe te passen op
verstrengelde polymeren om het effect van dimensionaliteit op polymeerdynamica
te onderzoeken. Het is te verwachten dat het buismodel dat zo goed werkt op
niet-uitgelijnde, verstrengelde polymeergelen, niet meer goed werkt als de buizen
als gevolg van de uitlijning er meer tweedimensionaal uitzien. Een mogelijke
kandidaat hiervoor is DNA, aangezien dat transparant is, eenvoudig gelabeld kan
worden, een persistente lengte heeft van dezelfde grootteorde als de synthetische
polymeren die wij hebben gebruikt, en bovendien magnetisch uitgelijnd kan
worden. Het zou dan ook zeer interessant zijn om een sonde-polymeer te
gebruiken die zelf niet door het magneetveld wordt be¨ınvloed.
Een ander interessant idee is om chiraliteit hierbij te betrekken. Hoe beweegt
een rechtshandig, schroefvormig polymeer in een matrix van linkshandige
polymeren, en hoe verhoudt zich dat tot de beweging van polymeren die
dezelfde schroefrichting hebben? Een van de opmerkelijke resultaten van dit
onderzoek is het feit dat dezelfde sondepolymeer gebruikt worden om matrices
met verschillende persistente lengtes te onderzoeken. Het is waarschijnlijk dat
dit niet meer gaat lukken als de persistente lengte van de sonde te sterk verschilt
van die van de matrix. Het is een interessante vraag bij welke verhouding dit
het geval gaat zijn, en de hier beschreven methode is bij uitstek geschikt om
deze vraag te beantwoorden.
De aanpak beschreven in dit proefschrift maakt de weg vrij voor een beter
begrip van de rol van de dynamica van individuele ketens op tot nu toe
slecht begrepen fenomenen, zoals de processen van gelering en kristallisatie
van polymeren. De resultaten tot nu toe, verkregen op nanoschaal, komen
verrassend goed overeen met bulkreologiemetingen. Dit betekent dat we nu
deze lokale techniek ook kunnen toepassen om dezelfde gegevens te verkrijgen
op zeer heterogene monsters die normaal gesproken niet toegankelijk zijn voor
bulktechnieken, of op monsters die domweg te klein zijn. Gedacht kan worden
aan het bestuderen van opeengepakte biomoleculen in een biologische cel,
bijvoorbeeld als functie van de celcyclus en de respons op stressfactoren.
List of Publications
 “Probing the confining potential as a function of time in entangled polymer
solutions”,
Masoumeh Keshavarz, Hans Engelkamp, Jialiang Xu, Jan C. Maan, Peter
C. M. Christianen and Alan E. Rowan.
in preparation
 “Magnetic-driven alignment of a PHBV organogel”,
Antoine Stopin, Alexandre Rossignon, Masoumeh Keshavarz, Peter C. M.
Christianen, Davide Bonifazi.
in preparation
 “Confining Potential as a Function of Polymer Stiffness and Concentration
in Entangled Polymer Solutions”,
Masoumeh Keshavarz, Hans Engelkamp, Jialiang Xu, Onno I. van den
Boomen, Jan C. Maan, Peter C. M. Christianen and Alan E. Rowan.
submitted
 “Directed Peptide Amphiphile Assembly Using Aqueous Liquid Crystal
Templates in Magnetic Fields”,
Pim van der Asdonk, Masoumeh Keshavarz, Peter C.M. Christianen, Paul
H.J. Kouwer
submitted
 “Nanoscale study of polymer dynamics”,
Masoumeh Keshavarz, Hans Engelkamp, Jialiang Xu, Els Braeken, Matthijs
B. J. Otten, Hiroshi Uji-i, Erik Schwartz, Matthieu Koepf, Anja Vananroye,
Jan Vermant, Roeland J. M. Nolte, Frans De Schryver, Jan C. Maan,
Johan Hofkens, Peter C. M. Christianen, and Alan E. Rowan
ACS Nano 10, 1434-1441 (2016)
135
 “Maximizing Orientational Order in Polymer-Stabilized Liquid Crystals
Using High Magnetic Fields”,
A.A. Fernandez, M. Keshavarz, P. C. M. Christianen and P.H.J. Kouwer
Macromolecules 48, 1002-1008 (2015)
 “Isotropic and anisotropic environment effects on the UV/Vis absorption
spectra of three Disperse azo dyes”,
M.S. Zakerhamidi, M. Keshavarz, H. Tajalli, A. Ghanadzadeh, S. Ahmadi,
M. Moghadam, S.H. Hosseini, V. Hooshangi
J. of molecular liquid 154, 94-101 (2010)
Curriculum Vitae
Name: Keshavarz, Masoumeh
Date of Birth: May 3, 1982
Place of Birth: Shiraz, Iran
2001-2005: Bachelor studies in physics,
University of Isfahan (Isfahan, Iran)
2006-2008: Master of science with the main focus on atomic and molecular
physics, University of Tabriz (Tabriz, Iran)
2009-2011: lecturer at the University (Iran) where she taught
mechanics, electromagnetism, thermodynamics and electronics
2012-2016: PhD researcher at the High Field Magnet Laboratory and in
collaboration with the group of Prof. Rowan under the
supervision of Prof. P.C.M. Christianen, Prof. A.E. Rowan,
Prof. J.C. Maan and Dr. H. Engelkamp,
Radboud University (Nijmegen, the Netherlands)
137

